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I.  THIRODFICTIOI 


The  stady  of  radiation  effects  in  aolida  is  a  lalatlralj  aair 
OM,  datiae  froa  the  growth  of  nuclear  reactor  technology  during  and 
Just  after  the  second  World  War.  Although  nuclear  physicists  hars 
studied  the  passage  of  high  energy  radiation  through  solids^  it  was 
always  fron  the  point  of  view  of  the  hoaibsrding  ray^  the  target  being  of 
interest  only  for  its  stopping  power.  The  interest  in  the  hotfMrded 
solid  vae  at  first  conoeratd  with  reactor  techoology.  A  hi|^  energy 
charged  particie  passing  t^broagh  a  solid  loses  alnost  slU  its  kinetic 
energy  by  loniaation,  i .e,  collisions  with  orbital  electrons  of  the  host 
atom.  Bfeutrons  are  stopped  in  a  solid  by  nakang  nuclear  Interaotlons. 
The  charged  high  energy  products  of  this  Interactioa  then  lose  their 
energy  primarily  by  ion;l2atlo.c.  Tlio  ocosstoisal  elastic  couloaib  col¬ 
lisions  of  th«‘  Buclea’-  reaction,  pro-bi'cte  with  lattice  atons^  negligible 
as  far  as  compatitu?,  tiic  sloppittg  pow-r  of  the  sol  Id  was  concerned,  becans 
Inportant  In  the  high  ac’dror.  fl’isces  of  reactors.  PisplaceBsent  of 
lattice  atoms  bv  radiet’.or;  ceused  gross  physical  changes  in  reactor 
materials.  Soon  the  p.roblem  of  radiation  damage  became  of  interest  for 
itself  as  a  means  of  strdying  the  solid  sta^«. 

A.  Defect  Production 

When  a  lattice  atom.  In  collision  with  Incident  radiation, 
receives  energy  greater  than  acme  nialaum  energy  (E^)  needed  to  renove 
it  from  Its  lattice  site,  at  moves  thrcpigh  the  lattice  with  ita  resldunl 
kinetic  energy.  Tbla  knock-on  atom  will  come  to  rest  In  general  at  an 
■  iterstltlsJ  site;  at  becoeea  an  In^'erstitlai  defect,  and  leaves  hidilad 


t 


•  vmoaacy  defect.  The  kMck-ea  atoa  wmf  ioae  its  klMtic  nurff  Igr 
CTMtlag  further  duplaceiaeata  of  lattice  atoM  or  by  Mlrlag  colllaiHI 
larolvlag  eaergy  trasafers  of  lass  tbax^  1^.  The  raarglM  of  tboeo 
latter  coIllaloBa  ere  carri'^d  off  a*  ■ph/ovom.  It  vas  tlM  puipoM  of 
thla  work  ia  part  to  atudy  process  of  defect  produetlea  by 
boObardiag  tur^stea  vf»h  15  niev  de  uterons  frao  the  Ualverslty  of 
Pittsbtxrgh  cycJLot  roa  far  lllty  of  the  Sarah  Mellou  Scalfe  BadlatlOtt 
laboratory, 

•The  cross  sertlon  (cr)  for  defect  productioa  i&  a  loetal  doe  te 
Irradlatlom  caa  be  -^aken  as 

o  -  ,  (1) 

ifkere  o^  is  rbe  cross  sect  lor  for  creaMoa  of  tdie  priaary  kaock-on  atOM^ 
aad  "v  is  the  rjimber  -;<r  secondary  displaceoents  iiia>le  per  jrlaary  kaoek-oi 
aton.  The  quantltv  a^,  for  the  case  of  irTadiatlc®  by  several  aar 
deuterons,  is  jost  the  'inscreened  cmdanl)  cross  section  for  a  traaafer 
of  energy  to  the  knocif-on  atom  between  E,^  and  the  naxlaua  energy  t7aaa> 
fer  f'!^}  of  a  bead-on  Ftoid  eoergy  auid  aonentxai  cooaexTatiai 

it  fOljOW*i  -Yy,. 


(a) 


vhere  and  are  the  masses  of  the  Ijocldent  and  boaibardsd  atom 
respectively,  and  F  Is  the  energy  of  the  incident  partlcla.  FOr  ooalMHi 


Seitz  and  J.  B.  Koehler,  'Displaceaent  of  Ataaa  dnrlag 
Irradiation",  in  Solid  State  Vhynica  (f,  Seitz  and  D.  Turnbull  editara)^ 
Acadaalc  Press  ,  Sow  Yorlr.,  195^,  Val.  2,  pp.  316-319. 
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aalljiaiMM,  tte  crMt  ••etloa  for  eaBrgj  traatfor  txm 

*m  im* 

«•-  I  p  »  (3) 

vharo 

loro  lo  tka  Mir  radloo^  and  ora  the  atoalc  oaMbora  af  tko 
laeliaat  aad  boabordod  atoaa  roafaetlTolj,  aad  lo  tlio  Bjdbarf  aaotrsr* 
Wo  aagr  aav  vrlta  that 

•*’  i  ^  ?  -iClI  *  fc)  <»> 

Tha  aiaiona  oaorgjr  for  a  dlopXaeoaoat  (1^)  has  not  boom  aoaourot  tm 
baatotaaj  a  valno  of  23  or  will  be  aaataod  bore  based  am  a  raugb  avezago 
of  Boaoured  valuos  of  8^  for  several  eloaosts^.  Mr  13  arr  dsntaroas 
isyeldast  oa  tungsten,  ^  >  .64  aev,  and  tbo  last  teza  of  egfiatiem  3  angr 
be  aaglaetad.  Ibareforo 

(|j)  i  •  <« 

We  see  fina  efoatlea  (6)  that  for  a  given  bagisrfling  fartlelo  aal 
baiioi  ioil  elsaont  the  cross  section  for  creation  of  a  prlaarjr  kaoolb-en 
tbswld  verjr  singly  as  1^. 

^aid,  g.  314. 

3a.  J.  blOMS  aad  0.  8.  Tisayard,  Badlatl»  Iff  acts  in  SolHs. 
Intorseloaee  Pnblisbers  Inc.,  Mr  Xea±,  iSftt  !)lk4ia  3.2,  p. 


lse«ft  for  oow  jacertaJjaty  In  the  peznaeter  I4,  the  ei|reeflen 
9t  (6)  can  wed  to  eoatpute  vith  eone  confldeaee.  She  theoretieal 
sitaatlon  for  the  yle.Ll  function  the  nmiber  of  dleplaeoMsU  aaie  far 
each  kaocAi-on  aton^  la  not  nearly  so  good.  The  average  kaoeki-en  atM 
energy  (f)  is  easily  found  fron  equations  (3)  and  (6)s 


f 


r"** 

/  TdO 
'^»d 


In 


^0  9 

■  Ma 


(T) 


Vslng  the  vaLues  ve  have  for  T^  and  ea  get  that  f  SS  t$0  mr.  At 
thle  energy  atonic  coUisloee  are  not  unscreened  coolonib  repwlaiane  as 
in  the  cene  of  the  high  energy  prlnary  eolllelone^.  The  usual  agproai' 
nation  used  for  these  lov  energy  coUlsioas  is  sone  kind  of  hard  mhara 
intazmetien  potential.  Se'/eral  thaorias  haaad  oa  hard  aphare  aadala  all 
giTS  essentially  the  sasn  result  for  v,  nenely^ ; 


leglectlsg  In  the  first  factor  ve  get  that 

v-*(i+iB^)  •  (a) 

Baeemt  calcxUatlons  Indicate  that  the  dapeadanee  of  the  ylald  f— ettaa  an 
incideet  particle  energy  is  reiatlTsly  lasennltiTe  to  the  lafeeiaetlen 
poteA.i.ial^.  For  the  case  of  ner  deuteroas  Ineldnnt  on  tiigiten  v  •  5JA 


Mon  and  a.  H.  QoUncto,  J.  i|»l.  Ihys.  ^  99 
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equations  (B)  and  (2)  ve  get  that 
V  ^  ^1  in  i  E)  , 


(9) 


wtiei-'© 


i  - 


2“i»*2 


(10) 


Ccatbiiiing  £q;!^tia»s  (9;^  {6}  and  (l)  ve  xny  nov  write  the  eaqprMSiM  for 
the  cjrois#  sectiorj.  iar  aaklag  a  displacement; 


The  value  of  ^  for  oiur  prot'lftm  is  .85  x  103  Bev'\ 

A  teat  of  the  predlc^d  energy  dependence  for  defect  prodnetlon 
etpreased  in  equation  ii  was  the  first  aim  of  thJs  work,  but  a  direct 
MeajS'xreawsnT  of  this  -loss  section  is  not  possible  at  this  time.  It  la 
aot  pots  11  ot  te  :«.4£e  .is  no  j^tsical  property*  of  the  metaJ.  whose 

dependence  on  t;be  voljm:  density  of  defects  is  known  quantitatively. 
Howe ’er,  w*  m&i  -iieaev/e  change  in  electricai  rfslstlvity  with  boai- 
leLrcmejc.*  and  expect  the  residml  resiatanca  of  the  mstal  to  Increase 
noaotonically  with  defect  density.  Therefore;  we  can  measure  the 
la  electrical  resistnnce  with  Incident  flux  for  snail  flux  InereamntS; 
a  qijantity  proportional  +0  a,  at  various  values  of  Incident  deuteron 
effler«.v  anl  test  the  energy  dependence  of  eqaatlon  11. 

otni  *  the  logarithmic  tem  of  equation  11  varies  slowly  with 
f.  '«=n»  energy,  the  predicted  slope  of  a  radiation  damage  curve  varies 
tj  incident  energy  aimofet  as  1/E, 


! 
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?<^risteia  asd  ccworkftrc  found  an  alnost  linear  lacreaae  in  tke 
daaage  xate  of  timgaten  with  Incident  energy  for  protona  in  the  energy 
mage  100>400  mev'^,  Thia  vaa  in  abarp  contrast  to  the  eaqpected  1/k 
dependeni'^eo  These  observers  suggested  that  the  ^Ulexpected  increase  in 
daeage  rate  in  tungsten  with  incident  energy  was  due  to  the  lejCKrtsacie 
at  these  hUghex  erjftrgie:s  of  melear  spallations.  It  was  therefore  the 
fsacpoee  of  the  f .«ret  pert  of  this  work  to  look  fox  the  expected  pre* 
daaluemB  l/R  iepexuience  et  lower  incident  energies  where  mleer 
react  icms  are  less  t^^pcortant.  For  Incident  ex^giee  of  13  nev  and 
lewer^  devlaiions  from  the  dependence  could  also  give  infomatlon 
about  the  yield,  .fjftciion, 

B.  Radiation  £ffecta  on  the  MechexJcal  Propeztiea  of  Tungsten 
In  f  irst  part  we  ere  interested  in  the  nechanisn  of  defect 
production  in  tungsten  by  .15  nev  deuterons.  In  the  second  part  we  are 
interested  in  the  effects  of  these  radlat.lon  induced  defects  on  the 
aechani.cel  properties  of  t^xngsten. 

I*  has  been  well  established  that  necbaalcal  properties  of 
nets  la  s^ich  as  vleM  strength  are  determined  cat  only  by  the  lattice 
atractw;  bu.t  also  by  the  denaity  of  dlalocations  and  other  lattice 
defeeta.  T.  A.  Bead  suggested,  in  19^  that  in  certain  teaqperature  and 
frequency  raxigea  the  Internal  friction  In  metals  is  due  at  least  in  part 
to  the  Irreversible  mct-ion  of  dislocation  lines^.  Since  then  such 


^E.  A..  Fearlstein^  B.  Ingham  and  R.  Smoluchovskl,  Ptays.  Rev.  ^ 

®I  A,  P-^ei,  Phys,.  ^  371  (1940), 
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esqperlaeDtal  erldence  bas  ivipported  the  bypothesis  of  dislocation  daqplig 
In  Mtals^..  Other  eourcee  of  Interaal  friction  In  aetala  az^  veil 
underatood  lerteil7  tbrough  the  vork  of  C.  Zeaer^.  For  exe^ple^  be 
studied  grain  boundry  viscosity  at  about  600*C  and  .  1  cps  and  tbeme> 
elasticity  at  about  600*K  and  10^  cps.  Dlslocatien  daagliig  in  aetaLi  is 
caa^llcated  by  tbe  fact  that  the  dislocations  contribute  to  the  Inteacml 
friction  by  several  necbanlsas.  The  present  understanding  of  tbe 
situation  vlll  be  described  briefly  as  f olloirs . 

1.  Strain  Independent  Tw«ip<«g 

Strain  Independent  dss^pjng  is  associated  with  the  bevlag  Botion 
of  tbe  dislocation  under  a  snail  applied  stress.  Tbe  dislocation  Is 
plctTxred  as  fixed  on  the  ends  by  the  surface  of  the  saaple  or  by  Jogs  In 
tbe  line,  and  pinned  at  places  along  its  length  by  liqurlty  atons  and 
paint  defects.  (Cottrell  has  shown  that  these  point  Is^erfectloas  taad 
to  cluster  arouz^  dislocation!^.)  This  daaplng  Is  characterized  ezpaarl* 
■entally  by  being  strain  asgilitude  independent,  vith  the  daaplng 
Increasing  slowly  and  aonotonlcally  with  tesperature  froB  4*K  to  room 
teaperature^ , 

2.  Strain  Dependent  Dasplng 

Strain  dependent  daaping  Is  associated  with  the  bowing  of  the 
dislocation  under  an  applied  stress  large  eaoue^  to  free  the  disloeatiOB 


%or  a  review  of  this  work,  see  D.  H.  Siblett  and  J.  Wilke, 
Mr.  in  Pbys.  2>  1  (i960). 

Zener,  Elastlcl^  and  Anelastlelty  ^  Metals.  Sblverslty 
sf  Chloage  Press,  Chicago,  1!^W. 

Ha.  1.  Cottrell,  Beport  a  Cenferenoe  sb  tte  Strength  of 
Solids,  London;  Fhys.  Soc.,  p.  'JO,  l5^V  ' 

Hg.  L.  Caswell,  J.  Appl.  Pbys.  ^  1210  (1956). 
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fran  It*  plimlng  sites.  This  daaqpJag  is  cbarscterlzed  ejperlosntally  by 
being  strain  amplitude  dependent  with  a  temperature  dependsnee  as 

In  paragraph  1.  The  strain  asg;>litude  for  the  inception  of  this  strain 
dependent  damping  shifts  slcnirly  and  monotonleally  to  lower  values  vith 
increasing  temperature ‘•‘'o 
3.  The  Bordoni  Peak 

Pa  G.  Bordoni measured  internal,  fr  ictlon  in  several  face 
centered  cubic  meta.ls  as  a  function  of  teaperatore  from  4  to  300*K  at 
constant  frequency.  He  fo’ind  di6t,in:.t  peekf  in  the  internal  friction 
dependence  on  recperat  izea  Extensive  work  has  been  done  on  these 
Bordoni  peaks;  they  have  been  obsev’red  in  face  centered  cubic  metals  at 
frequencies  frota  ].o'  ro  10^  end  ie/npexat ures  from  h  t-o  30C'“K»  There 
Is  usually  aore  than  one  peak  and  the  mala  I'eaJr.  isi’ia.lly  occurs  around 
100*Ka  These  peats  he'-'e  been  e+  idiel  e;-  r  ''.notion  of  the  cold  work 
state^  the  icp^irity  content  of  the  m£*ai^  and  the  app.liel  frequency. 
Hlblett  and  Wiike^  eiwoariie  the  prope-xties  of  Bordoni  peaks  as  follows  t 
(a)  The  Bordoni  peaui;  appears  !n  both  single  ctysta^'  and 
polyrryeta-liine  sanpiRS 

{b}  The  peak  i«  general.ly  not  observed  in  fully  annealed 
saspleSo 

(c)  The  height  of  the  peeJi  Increases  rapidly  with  Increasing 
cold  work, 

d’'  The  height  of  the  peak  and  the  peak  temperature  Is  almost 
independent  of  strain  amplitude . 


^op„  cit,  Ha  h.  Caswe.Ll  et  el. 

Ga  Bordoni^  J,  A-'O^a.  So^',  Amer.j  26.  495  11954). 
^op .  cit.  a  D,.  H.  Nlb.i.eti  et  el, 
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(e)  Impnii  ’.eft  redace  tlje  height  of  the  pealt^ 

(f)  The  peak  tea^:jra't'\ia’e  lacreftsea  with  an  incfease  in 
the  applied  freqfien’-;,/ . 

*_g)  For  a  gi”en  eppiiei  frequency  the  peaif  i ejirperature  is 
u;Ta.ft>*tei  by  the  state  of  coil  work, 

Biblett  and  Wilk*'^  s  jggee-  that  the  Bcrdoni,  peak  ehoild  a.l»o  exist  in 
body  centered  c.*::'  w I»  vo  Br-jcer^’'^  fajxid  no  obvioiM  BordMfti 
peak  in  ':o_d  vocke  l  iron  of  high  purity^  but  Chambes*  and  Schxilts^ 
have  receei rppo-’si  P'ordonr  peaks  in  cold  v. or iied  molybdenum  and 
+  unRstec  ft*  freq  ’.fts  ot  f'o;!!’  i  ?  ttJ  B'*  k  '„ 

pen  '  ■i.  -  phc  ;v'‘"ftnoiop'.'  .*  t  "C;  ■’■‘i.i  fjrl£.tiOli  in 


’  ft  io.Ii'ifti.thsoSiilld 


irespoAds  insta.c.taneo.A ’.y  v;.tv  an  ft-la,.-t  i.'  8l’'a;ii  f  and  the  BOm<*eiastlc 
atrain  e.  Jape  tije  s{ip:.i.ed  streea.  For  aia'^aoidal  applied  straasas  the 

£t 

■sa-ajLaati-  stra'n  ceht?  'et  •MS>cov4*iy  and  lag*  the  ar.re*s  by  90*  • 
Therefore  one  "ba  -.'f-  t.ba‘ 

c  •.  i-.  -  tfts  .  (32) 

a  a 

or  e  t'jl  ’  -  J  t  aa^  t 

where  tanit  - 

Bine#  Cg/e^  i»  a,; way*  <  .10'^  for  aetais^  one  can  take 

tan0  -  ^ 

aad  £  1  ■*  1^'  (33) 


^  Hibietr  ct 

Je  Ininer  ..  ?hy*  Pev,  let  ter  ft,  ^  •'1959). 

H  (’haabf'e  and  "  Schult*,  Phya  Pev  lettera,  6^  Zll, 

,1961 1. 

•ii  *  Zener 


irtkor* 


♦  ■  V*i 
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She  quantity  ^  for  myatemi  iescrited  by  a  sei'^oM  order  linear  differential 
equation  of  notion  is  Juat  1/Q  vhere  Q  is  defined  in  the  usual  way^. 

The  appropriate  elastic  modulus  Y  is  then 


Y  K  Oj^/e  *  a^/c^(3  -  ±i>). 


(lA) 


Thus  there  is  a  non>  elastic  part  of  the  "elar^ti'”  modultis  associated 
irith  the  internal  frlctjon.  This  is  called  the  '"m!>d,ia'us  defect",  and 
can  he  uaed  along  with  jnteroal  friction  to  study  non-^elastic  paropertlea 
of  aolids. 

The  sanqp-je  geonetty  vsed  in  these  expeximer-ts  vas  that  of  a 
cantilevered  l^iar  whose  wave  eq'jatdor.  is  a  differential 

equation;  the  solution,  of  this  equation  Is  given  i.u  Apfesniiac  A. 

Value.?  of  in'erml  friction  v.ll?,  gi-'sa  .ic.  this  work  in  texw 
of  the  logarttoaS-;  d.-:crement  wnich  1'  to  Q  by^ 

« 

6  -  n/Q  (15) 


The  asqilitvde  independent  friction  due  tc»  the  hotring  of 
dislocation  lines  erlaen  frcB  the  work  done  in  mcnrinq  the  dlaloeatioa 
thro’jgh  the  Pelerls  potential.  Figure  la  shows  the  tituation  for  aaall 

^^A,  A,  Nowick,  ProgresB  in  Metal  H>ysics,  4,  1  (l953)« 

'The  logarithmic  decrement  is  defizx^l  for  an  underdaqped  ayatM 
responding  to  a  trajuient  as  6&  <2i(ilLyAn4.i);i  vhere  A.  !■  the  ■axlsKi 
wxpUtude  of  the  n^  "ycleo 

^®S«e  Appendix  Ao 


affUeA  •tx6ts«s  vhere  tbe  ^'OirjLas  of  dlclocatj/ou  is  llKltod  tte 

ylaajag  points o  When  the  applied  stress  gets  large  enough^  the  sltUp 

atloa  shovn  in  Figure  it  and  Ic  obtains  =  Ib:s  breaking  away  from  plnaiag 

sites  leads  to  the  an^Iltude  dependent  friction..  !he  boiving  of  a 

dislecatloK  line  .in  its  slip  plane  is  shewn  lu  F  igure  k.  Here  the  teJLlA 

lines  represt'nr  Peieris  m.:r..UBSj.  aad  the  dashed  represent  JPeierls 

nsxlJBS  .  Confiider  a  dis  Location  AB  lyina  jara  )  I-.- .  i  :  «  Peierls  well  as 

In  flg’Jtf  25..  -  '.''bif  dxaiocal  ,io.n  is  ha^'d  to  suw  ; ;  ir  -ouid  take  a  stress 

of  the  orier  of  ’he  ^-e.ld  strees  tc  ’:c-w  it  ','.i  tiij  .;e  r-  the.  dlslocatlCMk 

AB  Is  made  ip  of  ,iji:j>=ar  -.1  ie.loc-st  :o.if  parai^i  '  o  .-rls  veils  and 

irijiks  perpendi*:  iiar  to  the  Peter  Is  veils..  '■>>-  i  ia  torces  on  the 

klnka '~arge,ly  .'•aniel  out  and  the  kinks  cau  -i-  lao  -  i  pa’-aliei  to  the 
IQ 

wells  qiii’e  eaeii”  "^hus  a  shear  stress  in  piaae  of  figure  2«t 
vili  cause  tb-;-  lit  cx at  ion  to  low  as  stovi 

20 

The  e/ i6ten'''=  of  the  Eordcci  pea  '  her  iver.  e>.  pLs.’ned  by  Soeger 
in  terms  of  ine  mo’ :or..  of  disIocat.lonB  as  a  .'  ►•S  il'.  >  .  'hernia'i  excitation. 
He  suggests  that  the  a..6 iocat  icns  vili  fon?  •  ’o  the  random 

Xheraai  Tic'‘rion  of  tb<’i'  toost  ituent  atoDS,.  ..'.r-.  u  u-raal  bulge  Is 
depicted  for  a  .Liaear  dislcKat  ion  in  figure  '.i.  >  in  xhls  line 

ere  »st.VA.lly  ar  tra-'ied  with  a  S5jall  f.orce^^,  e'  d  ^ bulge  will  in 
general  te  oristabte  a’-d  'ollapse  If  s  snes.t  is  i  :  it  will  eithwr 

•id  this  collapse,  or  sp'-eed  r-he  k.l.'il'S  far  eao'ich  Oi.>ert  to  maintain  the 
Ittiir  11  ;■  i.ow(-  l  ro,'if  at  lou  if  the  le.xig’t  -.f  .  h'^  i?  large 

enc’'.ti;  Th;.-  is  u  diss  .paJ  lvp  proces.s  a-'.i  (.or.  u.  .  icse  not 

^'^A,  H.  Cottre  i.i,  Dis.locntioas  a.’.i  Piastt.c  yi.tv  f  r  Crystals, 
'iarenion  Press,  Oticford,  i953« 
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I>  XaBRODCOIIOI 


The  stady  of  radiation  effects  in  aolida  la  a  zalatlraly  aaw 
OM,  dating  froai  the  groirth  of  nuclaajr  reactor  technology  during  and 
Just  after  the  second  World  War,  Although  nuclear  physicists  bays 
studied  the  passage  of  high  energy  radiation  through  solids^  It  sas 
alsays  froa  the  point  of  view  of  the  haSbardlng  ray^  the  target  being  ef 
Interest  only  for  its  stopping  power.  The  Interest  in  the  hosibarded 
solid  was  at  fixer  concerned  with  reactor  teichnology,  A  hlf^  enargy 
charged  particJe  passing  ibrcigh  a  solid  loses  alnost  all  its  kinetic 
energy  hy  loolaation,  ; .e,  collisions  with  orhltal  electrons  of  the  boat 
atonu  Weutrons  are  stopped  in  s  solid  by  asking  nuclear  intexaetloas. 
The  charged  high  energy  products  of  this  interaction  then  lose  their 
energy  prlmrlly  by  lonizatioc.  Pjc  occssloual  elastic  coulosd)  col¬ 
lisions  of  tfcr  nucles'^  reaction  pro-ix'-te  with  lattice  atoss,  negUglbls 
as  far  as  coeqpatioi?,  tiir  stoppirig  power  of  tbesolldwas  concerned,  hecana 
inportant  In  the  high  ae^Jtroc  fluxes  of  reactors,  risplacenent  of 
lattice  atoms  bv  radiatior!  oeused  gross  physical  changes  in  reactor 
materials.  Soon  the  problem  of  radiation  danage  became  of  interest  for 
itself  as  a  means  of  st'.ulylag  the  solid  sta^^. 

A.  Defect  Production 

When  a  lattice  atom,  in  collision  with  Incident  radiation, 
receives  energy  greater  than  Boae  mtalmum  energy  (E^)  needed  to  reaove 
it  from  Its  lattice  site,  moves  thrcxogh  the  lattice  with  its  residaal 
kinetic  energy.  Th-ls  knock-on  atOB  will  come  to  rest  In  general  at  aa 
!  ilerstltlai  site;  becoaes  en  Interstitial  defect,  and  leavea  hehlai 


1 


t 


«  tmoaacy  defect.  The  kjeeek-ea  atoi  aajr  loee  ite  kiaetle  mmuff  ^ 

czeatlag  further  di-eplaceaeate  of  lattice  atoM  or  hy  Mirlln  ml llll— 
Isrolvlat  eaergy  transfers  of  less  than  S^.  The  eaerglM  of  theoe 
latter  colUsloos  are  carried  off  as  phoeoas.  It  vas  tlM  porpoaa  of 
this  vork  la  part  to  study  *r,«;  process  of  defect  production  hy 
hortjardlag  toaigs+^en  v  t*.h  1*)  soev  de  .ite.rions  fresu  the  TJhlrerslty  of 
Pittsburgh  cyclotron  facility  of  the  Sarah  Mellon  Scalfe  Badlatioa 
laboratory. 

The  cross  section  (a)  for  defect  production  in  a  setal  dae  t# 
Irradiatloa  can  be  tAircn  as 

«r  *  *  (1) 

vhere  o^  is  the  cross  section  for  creaMoa  of  the  prloary  kaoek-on  atOi^ 
aad  D  Is  the  ociaber  of  secondary  displaceoents  iBa>lb  per  prlaary  kaoeh-os 
atest.  The  quant  it  v  for  the  case  of  irradiation  by  several  ssrr 
deuterons.  Is  Just  the  unscreened  coitlcnii)  cross  sectloa  for  a  traasfer 
of  energy  to  the  fe:nocif-.on  atom  be+veen  and  the  naxlmn  energy  traaa« 
fer  (!!^)  of  a  bead-on  coLIisior-^,  Fraoj  eaergy  amd  nonentuii  couservatlaa 
It  follov^ 


S 


ilMiNg 


(a) 


abere  M^  aad  are  the  laasses  of  the  Incident  and  baabarded  atOH 
respectively,  and  E  Is  the  energy  of  the  Incident  partlcls.  For  eOttlBail 


Seitz  and  J.  B,  Koehler,  "Displacement  of  Atoas  dnrlag 
Irradiation",  In  Solid  State  Physics  fF,  Seitz  and  D.  TurobuH  edltara)f 
Acadaalc  R^ess,  Saw  York,  1956,  VoL,  2,  pp.  316-319. 
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3 

oaUialMH,  tlM  Alffwnistlftl  ctms  Mctlmi  for  tmrgf  traaifor  trm 
t  ur  *  m  im* 

*••§§»  (S) 

VltMTO 

'-W(J^)*iSV  •  W 

loro  !•  tlM  lohr  raidbLiio^  oad  ore  the  etoalc  metocre  ef  tk9 
lacUmmt  ead  boriberded  eteae  rwyeetlTelgr,  ead  ^  le  the  dydherf  eaeriy. 
We  MQT  MV  vrlte  ttet 

i  § ‘i(k  •  k) 

The  alelM  eaergjr  for  e  dleplec—eat  (1^)  hae  not  been  aaeeured  for 
tngnteaj  «  value  of  S?  ev  vUl  be  aaeawd  here  baeed  ea  a  raoid^  evanga 
at  aeaaured  valuea  of  for  aevaral  elaaaatta^.  Far  35  denteroaa 
iaeldeat  oa  tnagaten,  •  .64  mar,  and  the  3ast  tern  of  efoatlea  5  Mgr 
be  neglected.  Therefore 

H  -  (5)  i  •  (*> 

Wa  aae  fern  of^tlea  (6)  that  fer  a  glvaa  biwdiardlag  fartlele  and 

bohbarled  elnaeat  the  croea  eeetlen  fer  creation  of  a  prlaaxy  kaeOfc-ea 
■haeJd  vary  elafly  aa  1^. 


f .  314. 

3q.  j.  DieMB  and  a.  1.  Vineyard,  Badlatl»  ttfecte  la  Sollda. 
lateracleaee  PObllahera  lac.,  lav  Tecic,  19^,  fbbie  ^.2,  f.  ISX. 


k 


XKc«ft  tm  sow  ottcertaljaty  la  the  pueaeter  I4,  the  eqrMelea 
«r  (6)  cam  1?«  to  coegpute  vlth  bom  eonfldeaee.  fhe  theeriftleal 
sltaatloa  for  the  yie.Ll  ftkaction  v,  the  auBOner  of  dlsplaceMSke  Mie  far 
each  kaocJK»oa  atom,  la  aot  nearly  bo  good.  The  average  kaodb-oa  ataa 
Baergy  (f)  le  eaally  fouad  froa  eguatloaB  (3)  aad  (6)s 


f 


1  r**" 

^  /  Tdo 


^a  *d 


•  Ma  itt 


U 


(T) 


fhiag  the  vauMB  ve  have  for  ¥„  and  E^,  «e  get  that  f  ^  t^O  or.  At 


thla  eaergy  at«al.e  coIUbIobb  are  not  uaBcreened  eoulaab  repalaHaa  aa 


la  the  eaae  of  the  hl«h  energy  priaary  coIUbIobb^.  She  uenal  agpreal- 
aatiea  oaed  for  theoe  lov  energy  coUlBloaB  1b  bobb  klaA  of  hard  mhBve 
lateraetiea  potential.  Se>/ezal  tbeorlea  baaed  oa  hard  Bghare  aaAa3a  all 
give  •aBentia.lly  the  aaae  result  for  v,  aBaely^t 


1 1  la 


m 


) 


leglectlag  %  in  the  first  factor  ve  get  that 

V  -  i  ( 1  ^  •  (0) 

Baeeat  calcuJLatlona  irnlicate  that  the  dapeadaace  of  the  ylaU  fhaetlaa  m 
la^idKAt  particle  eaergy  is  relatively  laseaeltlve  to  the  lateractlea 
potev.i.ial^.  Fox  the  case  of  asv  dentaroos  lacideat  oa  tuagetee  v  ■ 

^Ibld.  p.  11, 

^Ibld.  ppc  17-24. 

Brava  aad  a.  H.  QoUecka,  J.  igfX,  Ihgri.  ^  93t  (1000). 
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C«B':irLi»g  eqy&tions  (6)  and  (2)  we  get  that 

V  =«  4-  in  C  E)  # 


(9) 


trttere 


(10) 


Ceaiblning  sgmtiosa  (9;^  (6)  and  (l)  we  nay  now  write  the  eiqprasalM  for 
ihe  ctoft#  mlrlag  a  displacemant ; 


Tbe  va3.ye  of  4  •"cc'  oirr  probleai  .ta  .85  x  lO^  ae'v"^. 

A  teat  of  the  predicted  energy  dependexice  for  defect  prodnetlen 
erpreiaed  in  equation  i  J  wae  the  first  aiat  of  this  WOTk,  biirt  a  direct 
ineasitf tment  of  this  --toss  section  is  not  possible  at  this  tine.  It  la 
not  poiail^:  te  ;A.i£e.  .is  no  phyaical  property  of  the  netal  whoee 

dependenre  on  the  vo^roe  density  of  defects  is  kncwn  q[uantltatlvely. 

Howe  ’er,  w*  aay  'tueeev/e  tb.e  change  in  electricei  reelstlyity  with  boiB- 
tarciffien*  and  expect  the  resi.dnal  reslataace  of  the  ostal  to  Increase 
nonotonically  vlth  defect  tisoslty,  Iherefocre,  ve  can  neeeure  the  chaafB 
la  electrical  resistance  with  Incident  flux  for  BaaH  flTjx  InereBaata, 
e  qiamt  ity  proportioioal  to  a,  at  various  values  of  Incident  deuteron 
e»er«.v  and  test;  the  energy  dependence  of  eq[aatioa  11, 

3mc'e  the  .logarlthmir  ter®  of  eqpistlon  11  varies  slowly  with 
r.  energy,  the  predicted  8.Iope  of  a  radiation  damage  curve  waries 

h  incident  energy  elssofet  as  i/E„ 
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axkd  cowork63rs  found  an  alaoit  linear  Incraaae  in  tka 
daatagft  rate  of  timgaten  with  incident  enargjr  for  protona  in  the  energy 
raage  100>400  my^ <,  Thia  van  in  sharp  contrast  to  the  expected 
dependeni^^e^  These  observers  suggested  that  the  unexpected  increase  in 
daaage  rate  in  tungsten  vith  incident  energy  vas  due  to  the  laportafs 
at  these  highex  « rjftrgJ.es  of  nuclear  spallations.  It  was  therefore  the 
ftsDEpoee  of  the  first  port  of  this  work  to  look  for  the  expected  pre* 
doBinamc  1/K  iependeiK^e  at  Icerer  incident  energies  where  SMclear 
reactions  are  less  naportant.  fsr  Incident  energies  of  aev  and 
Iswer  j  deviations  fxan  the  dependence  could  also  give  iafomatloa 
about  the  yield  f:jnciion, 

1.  Badlation  Sffects  on  the  Nechacleal  Properties  of  Tungsten 
In  ''Ite  fust  part  we  are  interested  in  the.  nechanisn  of  defect 
production  in  tiingsten  by  .15  nev  deuteroms.  In  the  second  part  we  are 
laterested  in  the  effects  of  these  radiation  induced  defects  on  the 
aecbanlcal  propextl'iS  of  ivtugsten. 

Z-*:  has  been  veil  established  that  wecbanical  properties  of 
netals  e^ich  as  yield  strengtli  are  deteradned  izot  only  by  the  lattice 
atructur-  but  aiao  by  the  density  of  dislocations  and  other  lattice 
defects.  T.  A.  Bead  suggested  in  19^  that  in  certain  tcaq;>erature  aai 
frequency  ranges  the  internal  frlctKm  In  metals  is  due  at  least  in  part 
to  tk^.  irreversiblft  wcjtlon  of.  dislocation  Unes^.  Since  then  aueh 


^E.  A..  Fear  lstein,  B.  Inghaa  and  R.  Saolticboirskl,  Itays.  Rev.  96, 
A,  P«=^ed,  Phys,,  Rfv„  ^  Jfl  (l940j. 
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es^rlaental  drldence  taut  fviqporteA  the  hypothesis  of  dislocation  fl—pim 
In  aetnle^.  Other  sources  of  Intersnl  friction  In  astsls  sx^  veil 
understood  Inrfely  throut^^  the  vork  of  C.  Zeaer^.  For  eoaavlSf  he 
studied  grain  boundry  viscosity  at  about  600*C  and  .  1  cps  and  theme- 
elasticity  at  shout  600*C  and  10^  cps.  Dislocation  dsaging  in  nstals  Is 
conplicated  by  the  fact  that  the  dislocatioas  contribute  to  the  Intsranl 
friction  by  several  nechanlsns.  The  present  understanding  of  the 
situation  vlll  be  described  briefly  as  f oUoirs . 

1.  Strain  Independent  T>isq[>1ng 

Strain  independent  is  associated  with  the  bowing  notion 

of  the  dislocation  under  a  snail  applied  stress.  The  dislocation  is 
pictured  as  fixed  on  the  ends  by  the  surface  of  the  ssaple  or  by  Jogs  in 
the  Une,  and  pinned  at  places  along  its  length  by  Inpurlty  atons  and 
paint  defects.  (Cottrell  has  shown  that  these  point  Ixqperfectlons  tand 
to  cluster  arouzkl  dislocation!^.)  This  deaping  Is  characterised  eipsri- 
nentally  by  being  strain  anplltude  Independent^  vith  the  daaplng 
increasing  slovly  and  nonotonically  with  tenperature  fron  4*K  to  roon 
teiperature^. 

2.  Strain  Dependent  Daaplng 

Strain  dependent  daaging  Is  associated  with  the  bowli^  of  the 
dislocation  under  an  applied  stress  large  enough  to  free  the  dislocation 


%or  a  review  of  this  work,  see  D.  H.  Slblett  and  J.  Wilks, 
Mr.  in  Phys.  £,  1  (i960). 

Zener,  Elastlclto  sad  Aaelastlclty  of  Metals.  Qslversity 
sf  Chloags  Press,  Chicago,  l$w. 

^A.  1.  Cottrell,  Besort  of  a  Csnfereaee  en  the  Strength  sf 
Solids.  London;  Phys.  Soc.,  p,  'JO, 

L.  Caswell,  J.  Appl.  Phys.  ^  1210  (1950) o 


e 


froB  Its  pinning  Bitea.  This  ianping  is  cbsracterized  e:qperiBBatally  hjr 

being  highly  strain  amplitude  dependent  with  a  teoperatnre  dependenee  m 

in  paragraph  1.  The  strain  asplitude  fox  the  inception  of  this  strain 

dependent  danping  shifts  a  lowly  and  monotonically  to  lover  values  vith 

12 

Increasing  tenperature  “'o 
3.  The  Bordonl  Peak 

P.  G,  Bordonl measured  internal,  fi  iction  in  several  faoa 
centered  cubic  metals  as  a  function  of  tenperataie  from  h  to  at 

constant  frequency.  He  fo^md  dietino-t  peekF  in  the  internal  friction 
dependence  on  remperat  ize.  Exteneive  work  has  been  done  on  theee 
Bordonl  peaks;  they  have  been  obsev'red  in  face  centered  cubic  me  tale  at 
freqwncies  from  !>'  to  10^  and  te/ipexatures  from  k  t-o  300*K.  There 
ie  iisually  more  than  one  peak  and  the  ma'.n  j-eak,  uj6tia.lly  occtirs  around 
100*K.  These  peaks  ha-'e  been  et  jdiei  a  .-  e  '’unction  of  the  cold  work 
etate^  the  inpority  content  of  the  m£'*a,i^  and  the  app.Lied  frequency. 
Iflhlett  and  Wilke*^  euasmarite  the  properties  of  Bordonl  peake  as  foUova: 

(a)  The  Bordonl  pestk  appear*?  in  both  single  cjysta'’'  and 
polyrTyetaHine  samp  Ip  3 

(b)  The  peak  is  genera-l-ly  not  observed  In  fully  axuaealed 
sanplas. 

(c)  The  height  of  the  peak  increases  rapidly  with  Increasing 
cold  work, 

d'  The  height  of  the  peak  and  the  peak  tearperattare  Is  almost 
independent  of  strain  eBqplltc.de. 

12o£,  cit,  H,  1.  Ca8w9.ll  et 

G,  Bordonl^  A-'cras.  Sor,  Anser.^,  Z6,  495  11954)o 
^op .  cit.  g  D..  H.  Sib.Iett  et  ^r. 
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(e)  Imptirit  ie*  reduce  tbe  height  of  the  peafco 

(f)  The  peak,  tempera'*. ure  increaseB  with  an  increase  in 
the  applied  freqijency, 

(g)  For  a  given  appilied  frefiuency  the  peak  tenqperature  is 
I'lnaffectel  by  the  state  of  cold  vo,rk, 

lihlett  and  Wilka*^  s-iiggest  that  the  Bcrdoni  peak  sho'xld  also  exist  In 
body  centered  c,'&ic  metaic^  L„  Baraner'^**  fcond  no  obvious  BerAsni 
peek  in  cold  worked  iron  of  high  purity,  but  Chambers  and  Sohults^ 
have  recent  ly  rp-porf^  i  fordoni  peaks  in  cold  worked  molybdanuB  ant 
t'.jagsten  at  frc-qi^-vi  les  of  ftcm  .1'')  to  Irc. 

The  (reac  t*!  phenonienoiogic -.'1  c./'na.l  frltMoli  In 

u  ^ 

*oiioU‘“''‘  i,-'.'.-*  -b.  r.-  -.-i  u.  tis-c  i  lo  e  su),Iidj,.L,..tl»odi4±d 

raapoada  xnatantaneo..^  ly  v-j.b  an  strain  and  the  asn-slastle 

atxain  tbe  applied  stress.  For  ain'usotdal  applied  atreasea  ths 

■an-slaatic  an^ra^^n  tehs^-'e^;  viscously  and  laga  the  stxeaa  by  90* > 

Therefore  one  ".an  vt  ahai 

k  ■»  i'l  »  ,  (U) 

or  c  ~  r  i  tan^.<  , 

where  tan0  « 

Since  €2/^1  la  always  <  .10'^  tor  nBtala,  one  can  take 

1ai4  =  f  , 

and  e  »  +  l^)  ,  (I3) 

^op.  cfA  r.  H.  Nibie'*A  et 

J.  Iruner,  Phyt  Bev,  lettera,  ^  *H1  (1959)* 

Chaabera  and  .T,  Schulti,  Phya,  Bev,  ]Le>ttera,  6,  273# 

'J961), 

^^op-  git..,  C,  Zener. 


Xh*  ^piantity  f  for  ityttea*  deaerlbed  by  «  cecond  order  liacT  dlfferwutlKl 
•fnation  of  action  ia  t  l/Q  where  Q  la  defined  in  the  uaxml 
The  eppropriete  elAStlc  modulua  Y  ia  then 

T  B  a^/e  ^  -  KP).  (lA) 

Thua  there  la  a  ncn-elaatic  part  of  the  "elastic^**  ncdulua  aaaoelated 
with  the  lnnema.1  friction.  Thla  ia  caJlel  the  "nodulva  defect",  and 
can  be  luied  along  with  Internal  friction  to  atudy  non-elaatlc  propartlaa 
of  aollda. 

The  aaaqple  gecmet^y  i28ed  in  theae  M^eri.'saenta  was  that  of  a 
cantilevered  hax  whoee  wave  equation  J,s  a  orier  differential 
equation;  the  aolution  of  ‘tisia  equation  la  given  in  ApipendK  A. 

Valties  of  internal  friction  will  be  gl-en  it  this  work  In  teanw 
of  the  logarthraic  dftcresient  6^*^.,  which  l3  relatied  to  Q  by^ 

» 

6  »  w/Q  (15) 


The  aiplLtude  Independent  friction  due  to  the  bowing  of 
dlalocation  linea  axlMB  tram  the  work  done  In  acivlng  the  dieloeation 
thro':igh  the  Felerla  potential.  Figure  la  ah<wa  the  aituatian  for  aaall 

^A,  A,  Notfick,  nrogreee  la  Metal  Fhyalca,  4^  1  (l953)» 

'The  logarithodc  decreaent.  ia  defined  .for  an  uxxderduqped  ayatBI 
reapondlng  to  a  traaalent  aa  dS  g  ehere  Aq  la  the  mtIbbi 

amplitude  of  the  n^  cycle. 

^%ee  Appendix  A. 
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strcMM  vbere  the  'bovlag  of  tlM  dlslocAtlou  Is  llaltsA  ly  tlM 
yiaaiaf  points.  When  the  Applied  stress  gets  large  enou^^^  the  sltup 
atiea  shora  in  Figure  lb  and  Ic  obtains.  This  breaitiog  away  from  plaiUJig 
sites  leads  to  the  amplitude  dependent  friction.  The  bovlog  of  a 
dislecatiea  line  in  its  elip  plase  Is  shewn  lu  Figure  2,  Hare  the  sellA 
lines  represent  Feler.Is  minioSj,  aad  the  dashed  Lines  represent  feicrls 
■axijss.  Consider  a  dislocation  AB  lying  parsileL  to  h  Peierls  veil  as 
In  flg'jre  2fe,.  Th-s  dialocat  Jon  is  hard  to  mov  ;-  ;  jt  vouid  take  a  stress 
of  the  m'der  of  the  strege  tc  bov  it,  lu  t:a.oe  2-j  the  dislocntlM 

AB  It  made  ip  of  linear  die.locet to.'os  perall®  s.  to  tie.  Peierls  veils  and 
kiadcs  perpendicular  to  the  peieris  veils.  Th*-  p^^  .ri  is  torces  am  the 
kinks 'largely  cancel  out  and  the  kinks  can  te  move.!  parailei  to  the 

iq 

wells  qul+e  easily  ,  Thus  a  shear  stress  .jCt  the  plan*?,  of  figure  2'a 
wilj.  cause  tb*  d‘.SA.oc«t.i.o,ii  to  bow  as  stove. 

20 

The  er letence  of  the  Bordcci  peal  hes  Veer.  plained  by  Seeger 
in  terms  of  the  mot  . ion  o.f  dielocations  as  a  resjl*.  oi  *herml  excitation. 
Be  suggests  that  tVi.e  dislocations  viii  form  t  jikiee  ije  to  the  random 
thermal  monion  of  their  corsi.ituent  ato&s.  -.r.^ic-n  a  tb'-rnial  bulge  Is 
depicted  for  a  linear  dislocation  in  figure  1  K-.iiKe  .in  this  line 

are  nmtvsuLly  af.  brae  tel  with  a  small  force^9^  er.il  rj.e  bulge,  will  in 
general  te  'jnstable  ard  collapBe.  If  a  stresE  le  present,  it  will  either 
aid  this  collapse,  or  spread  the  Itlaks  far  enough  apart  to  maintain  the 
line  ir  u  bowed  co/if Igurat ion.  if  the  leng+b  of  iV.  u/lge  is  large 
enoitjih,  This  Is  a  dissipative  process  a-.M  cont'  CiU'  a  less  not 

H,  Cottrell,  Dis.Iocatloas  and  Piantic  Fl'iv  ia  Crystals. 

ClAxenien  Press,  Onford,  1953o 

Seeger,  Phil,  Msg.,  1^  651  (1956! 
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yithcxt  i>he  thermal  excitation.  13m  mm  kind  of  proeoM  vlU. 
I^roducft  additiooai  danping  for  the  dislocation  of  figure  Eh. 

4«x>  m  consider  the  contrlhutlon  to  the  dislocation  dancing  due 
to  this  thenoal  hulgiag.  At  very  lov  tenperatures  the  tberaal 
hnHgiiCg  rate  Is  low  and  the  bulging  will  contribute  very  slowly  to  the 
I'iOMon  c*  «  lisiocation  <jc!ider  an  applied  atrese  of  a  given  frefuency. 

*.be  coMtant  of  €3  in  figjre  4  will  l>e  nuch  longer  than 
:}f  che  applied  stress  and  the  strain  will  respond  as  in  curve 
siVjJkfLoa  It  described  in  the  strese-strein  plot  of  figure  5 
hj  going  from  0  to  A  and  then  back,  to  0  and  the  behaviour  Is  elastic. 

At  /•^ry  h.igh  '.>r.aq;y;rat ures  the  holglng  rate  .Is  high  and  the  aotlott  of  the 
l:.s  .ocat  .ou  ro  theraal  bulging  vUl  respond  iMedlately  to  the  ep- 
,  plied  stress  and  the  strain  would  behave  as  shown  ideally  in  curve  (a) 
of  f  If  ire  V.  I'c  the  stress -strain  diagrsa  this  would  be  described  by 
fo:;.ne  elsa*  ir.aiiy  from  0  to  C  and  then  back  to  0.  The  InterMdiate  case 
c?  ^be  ti«ft  of  €2  oeiag  of  the  order  of  the  period  of  the  ap- 

IS  shown  in  curve  (b).  Here  the  solid  goes  from  0  to  A  in 
S  ’.oAtantaneousxy.  then  slowly  approaches  C.  When  the  applied 
s'xess  removed  it  moves  Instantaneously  frcB  bom  point  B  to  D  and 
then  *:av\.y  approaches  0.  In  this  .last  case  there  is  daaplng. 

'  assisors  a  Stjsple  relsxatxon  prccess  to  describe  the 


bordozn  peak  j 
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f/fp 

(1  e- 


(16) 


eiat  lonship  is  derived  In  Appendix  The  peak  height  is 

.T»tel  to  be 

w  -  ^  (17) 


?  Seeger  . 
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irtwrc  Is  tlM  ToluBtt  dsasity  of  dlsloeotiooSj  aad  Is  ths  STtraft 
dislsestloa  laogtli.  The  bulge  rate  is  tekea  to  have  an  ArrbSBlus 
dtpeadsace  vitk  a  Slagle  actiYatloa  eaergy,  aeaely; 

f^  -  A  e*»(-I/ifl)  .  (10) 

This  aisu^ioa  is  supported  by  calculatioas  of  Santh^^,  eho  coasidereA 

tbe  statistics  of  tberaal  bulging  la  dlslocatioa  lines,  lere  A  is  the 

attempt  freq^jency^  k  is  Iriftwsssn  *s  coBStaat^  T  is  the  absolute 

teaperat'ir«^  and  H  is  tbe  activation  energy  for  the  bulgiag  process. 

This  relaxation  theory  is  mdezmtely  successful  la  deserlblsg 

the  experiaeatal  Bordoni  peaks.  It  predicts  the  peak  shift  vlth  fregBsa 

cy  and  It  agrees  roughly  with  the  cold  vork  effects,  ^y  aeasureaent  of 

the  peek  tesiperature  ahlft  vlth  applied  frequency,  sssaral  woKicers  have 

deteralaed  E  and  A  for  copper**^.  When  theee  ^’alues  of  I  aad  A  vare 

^plied  to  tbe  Bordoni.  peak  shape,  they  give  a  theoretical  peak  width  la 

tesverature  about  half  that  observed.  Although  these  aeasuraaents  of  1 

and  A  are  not  accurate,  they  suggest  that  the  eeeiagptlaa  of  a  alagle 

relsocatloB  process  is  an  oversiapliflcation. 

Studies  of  irradiation  effects  on  internal  friction  in  aetala 

have  not  been  extensive.  Ttuxveon  mad  Holass^^,  llblatt  aad  VllkB^\ 

25 

and  Bemea  aad  Bancock  ^  have  studied  the  effecte  of  neutroa  Izradlatlea 

Donth,  Z,  Phya.,  ^  136  (1957). 

^^oaqpoalte  valuea  of  ■  aad  A  based  ea  the  vork  ef  sevaral 
lavestigatore  are  given  in  refereaee  9,  p.  27* 

23d.  0.  Thoapeoa  aad  D.  H.  IoIms,  J.  i|»l.  Ihys.,  tt,  713  (1996)» 

l>^d,  ^  525  (1959). 

1.  Ublett  end  J.  Vilke,  Bhll.  Nag.,  2,  IkZl  (1957). 

S„  Barnes  sad  1.  1.  leaeoek,  Phil,  mg,  ^  527  (1958). 


oa  tSie  •train  aaplltude  lodepeadsat  friction  aod  the  Bordoal  peak*  la 
coipt^r.  They  find  that  the  strain  Independent  friction  is  reduced  hy 
about  a  factor  of  7  with  relatively  light  irradiation*  (lO'^ 

^  heighta  of  the  Bordoni  peaks  are  reduced,  greatly  by  a  heavy  irradi» 
atlon  ^q17-iB 

A  nvt>,).  This  work  la  of  great  iaportance^  hut  to  data 
copper  has  been  the  only  oetal  studiedo  The  only  etudlea  of  the  effect 
of  charged  particle  irradiation  (l  mev  electrons)  cn  laternal  frlctloa 
in  copper  vcre  oade  hy  Dieckaap  and  Bos  in  ,  The  >r  aessrreaents  shoe 
the  aaae  drastic  reduction  in  the  atrain  independent  daaping  with 
irradiation  otaerved  by  Thoa^son  and  Eoinea. 

We  started  out  to  ertend  this  work,  etidyiag  the  effect  of 
13  sev  deuteron  boahardaient  on  the  strain  independer.t,  daaping.  Oirr 
inteiition  vas  to  .look  first  at  tvagsten,  (thf.  m-tal  ve  atudted  in  the 
first  pari  of  •‘'his  in'^eatlgation)  and  then  preened  to  other  netala.  The 
first  results  however  showed  an  lumistakable  ijorioni  peak,  in  timgsten. 
Since  no  BordooJ.  p*eak  had  been  reportsd  at  this  tijae  :‘.n  a  body  centered 
cubic  aetal.^  it  seemed  that  tuagaten  deserved  retailed  atte.ntlon. 
Therefore  observations  were  made  on  the  tffeerg  of  deuteron  irradiation 
on  both  the  Bordoni  peak  sind  the  streln  independeo-*^  background  frictlea 
in  tungsten*  covering  a  tenperatui^:  range  froc  T7°K  to  700*K,  The 
aecbanical  properties  observed  were  the  ihiern&i  friction  and  the 
elastic  mod^jl^AB  of  tungsteHj,  end  iriadlatlons  were  mde  both  at  77*K  a«d 
30Cfy , 

Irradiation  also  baa  an  effect  on  the  elaBti.c  mod'olus  apart  froi 
its  lOn-elastic  behaviour.  Let  ua,  for  exaaplje,  irradiate  a  astal  at  a 
’•■■■'perat'ire  such  that  the  Interstitial*  produced  are  nob.ile 


Dieckan>  and  A.  Sosin,  J.  Appl.  Phys.,  2J,  l4l6  (I9?6} 
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Cud  presixMbly  to  iiisloC'StioDa  Aod  other  siakf )  and  the 

'mouclea  tzti  mt  ■ohlle.  iov  the  latt:jir.fr  vill  he  aptiiiicled  with  vmMp 
«M  a  ctMvni’^  ewrefe  ,la?.tict:  gpe'.Iug  is  fjqpectedo  ndJ  It 

oe"jsl2-v  ceUed  the  Kilt  effect^  ahd  haa  celcwimted  the  UftettA 

f.'heaite'  2r»  elast?';  t-oo^  tents  of  »  metel  for  e  given  nutibsr  of  polafe 
detect*.  IKjs  e;fpr:,-'ij6e-c.t  ih  reported  bete  for  t>42iigst«a„  ud  the  retultt 
.'xwjered  v.s  •  >•  D ; •*  r^e  '  t  .vont' . 

’t  bea  tjrr:-:  lo-ja.'-)  rftat  non-?- i*S‘^  occtjr  in  stbttitvtiwftl 

eJ.ljoy«  vb-i.  r-yx^oacrata  a.r-  of  dif fg,rf o*..  Thii  effect  IM 

teen  etl-rihij?*!  r-o  rJje  s-*.re^ss  Ltod.-.ed  r*=>or.‘!P.!iT6tiOJi  of  peire  Of  ttlatt 
et-ane,  Jfcjwick^*^  used  this  effect  to  eupport  the  idee  that  dlffuslu  la 
ta5<“e  pie-.e  ‘b:r-o-.ia.>  Tto.,Tniai  njot'.oi:  c:'  ^eoancies.  Dleaet^^ 
a-iggeefel  ■:>xi  rbr  has,'?  o-f  'bis  '-or8  ^be":  rairaxlon  Ind'jced  defecta  could 
he  atodi-'1,  x.-jt -  ■  oa,:  s  (n-89t*r?®?-.c''s ,.  'dr  ei*o  suggested  that 

toe  aahr*ai:..cig  of  th.=  s"  de^'e-.  '-.s  -’•r  Ji  '  “  •.  t-s^'r-- >:  i  ic  r.bp  same  vey. 

8ee;ilte  of  sc ar^--  r^'j-o •';>■: 5  b-'.-e,. 


^  foems,  Pt;ys..  86.  22-8  Ci9>i<, 

2®';,  Zeaer,  .122  ■I'fifj;. 

S,,  PbvB,  82.  y'fC-iA)  (.1951  ><. 

,  p .  Ypl. 

w.  Dienes,  Ajiplc  Pays,,,  24,  666  il953)<> 


II.  ESCPBRafEHrAL  PROCEDURE 


A31  the  irrallations  described  here  were  made  ia  the  exterml 
beam  ductwork  of  the  cyclotron,  in  the  room  hoi^slng  the  cyclotrm. 
Measuremente  of  the  metal  properties  under  investigation  were  made 
either  ^  situ  in  the  cyclotron  room  or  on  the  laboratory  bench, 
whichever  was  appropriate. 

The  external  beam  of  the  cyclotron  spreads  out  rigidly  ia  iSsm 
horizontal  plazx>  due  to  the  fringlns  field  of  the  cyclotron  aignat. 

This  divergent  beam  Is  then  magnetically  focuased  and  sent  tharoiai^  • 
water  wall  into  another  room  where  the  apfaratus  for  doing  anelMr 
scattering  eicperlments  is  located.  To  reduce  the  neutron  baxAgroomt  for 
scattering  anperiments  the  beam  aperture  Is  reduced  to  about  one  iadi  at 
a  place  where  the  beam  is  about  12  inches  wide.  This  Is  aeecMgplltiiaA  by 
a  pair  of  rcr..ghing  slits  lo<»ted  about  5  feet  in  front  of  the  first 
foc’iseing  magnet ,  Tk^e  radiation  effects  installation  was  placed  betwaaa 
ro»jghl»iP  ?liT?  and  the  first  focussing  magcet,  utilizing  a  portloa 
of  the  beam  previously  blocked  by  one  of  the  roughing  slits.  It  1M 
originally  thoTjigh  that  this  arrangement  would  alJLow  both  ez^rtmeata  to 
run  at  the  same  time  making  efficient  use  of  cyclotron  time.  Altoomf^ 
some  data  was  taken  this  way,  this  axrangement  turned  out  to  be  ioeoik* 
venlent.  Cyclotron  time  used  for  data  taking  was  small  compared  wlto  to* 
time  neeied  to  design  and  Install  new  eqpiipment  plus  the  even  greator 
time  uvedel  to  get  this  new  eq[uipMnt  working  properly.  Tto  people 
im'oived  in  this  work  are  exposed  to  much  greater  pers<n)al  radinttom 
t  -n  th'*y  wcnaid  be  if  this  experiment  were  carried  out  in  the  nuclMor 
scattering  room. 
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A.  fiM  CnrpetAt 

fte  «i9«riJwsfcs  r«fort«d  b&f  ww  doM  la  •  exymimt  «lt(Ai»  if 
mlataiaing  twqpeirmt'area  iMttvMn  77  Md  300*1:.  Xh«  cryoitat  !•  eoBi- 
aietad  by  robber  vacizi»  boae  to  a  p^aaplag  eyateM  capable  of  attalaitl 
jcreaeurea  of  fron  10’^  to  10*3  an.  of  Eg.  The  piuaplng  eyatea  la  acbila 
a#  the  cxyoatat  vith  ita  ptaop  caa  be  aoved  froa  the  laboiratacy  baaiA 
lata  the  cyclotron  rocn.  Fhotographa  of  the  cryostat  aa  aaaefblaA  ava 
aboan  la  flfurea  6  and  7.  Th®  cryostat  ia  aade  of  tvo  parts  and  tha 
region  between  then  is  evacuated.  The  inside  part  Is  shoim  In  tba 
photographs  of  figures  6  and  9*  The  veil  holding  the  coolant  la  Ida 
of  a  thin  vailed  atalnlesa  ateel  cylinder  cloaed  at  the  bott«i  vltii  a 
eofper  plug.  The  aanple  to  be  studied  and  associated  parts  are  plaBad 
CO  a  copper  block  vblch  is  soldered  to  the  bottom  of  the  eoolsuit  vail 
vith  Wood's  literal.  The  aas^le  region  la  then  sealed  by  a  copper  oaa 
aoldered  in  place  vith  Wood's  ostal.  Tvo  pipes  go  from  the  eesvle 
nbaahST  through  the  cold  vail  ta  tba  top  flange  of  the  cold  wall. 
Uectrlcal  connections  are  brought  out  throned^  om  of  these  plpea^  and 
plxabiag  arrangements  are  nade  to  either  pinp  out  the  aasple  ohaaftoff  or 
flov  gas  through  the  chasiber  at  one  ataoaphere.  The  electrical  laada 
eooe  out  through  a  etraight,  thin  vailed,  stalniess  ateel  pipe,  me 
pipe  lead#  tc  a  chaniber  nounted  cm  the  top  flange  of  the  cryoatat.  fhSn 
chamber  provides  Stupakoff  seals  to  bring  the  electrical  laada  out  of 
the  vaciroi  ayaten.  A  vactna  gauge  can  be  fitted  to  the  leadpout  dttttmf 
if  ?  r  is  needed.  The  other  pipe  la  of  copper  vhlch  ankes  aeroral  IWHI 
at  the  bottoB  of  ^e  veil  then  Joins  a  atral^t,  thin  vailed,  atalnlaae 
a  eel  aection  to  cone  out  of  the  vail. 

The  copper  aaaple  can  has  beaa  entrance  and  exit  holea  iWbA  gtR 
covered  vith  .001  Inch  thick  alunlntni  folia.  The  techsiqjoe  for  iHiH 
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vmeuixa  tigjbt  tealt  for  thesA  foiljs  is  deecrl^l  .Ir  A^ndlx  C.  nie 
outsiae  section  of  the  crycwtat  also  has  entrance  and  exit  holts  for  tlM 
heaa.  fbe  entrance  hole  is  sealed  by  a  <,00025  inch  nickel  foil  solisfsd 
in  place  with  Wood's  netal.  The  exit  hole  In  the  outside  section  lands 
into  the  Faraday  e^p  chsaiber.  Since  the  beam  is  dispersed  by  seattsrlag 
in  the  foils  as  it  leaves  the  cyclotron  vacnum  system^  coUiaation  is 
needed  to  inswe  that  the  beam  flux  incident  on  the  saople  is  collected 
by  the  Faraday  cup.  This  is  accoopllshed  by  a  set  of  water  cooled  sllte 
on  the  front  face  of  the  cryostat  and  by  a  collimator  located  in  the 
saaple  chasiber  tomedlately  in  front  of  the  BanspZe.  The  positi(m  of  Idle 
front  slits  is  set,  aM  the  aligzaient  of  the  system  is  checked  opti^Uy 
befcsre  the  foils  a,re  munted.  A  simplified  cut-away  sketch  of  the 
cryostat  is  shown  in  figure  10. 

B.  Irradiation  Facility 

Figures  11  a£<d  12  show  side-  and  tc^  vlevs  respectively  of  the 

beam  port  and  the  opctianiams  providing  mc-f-io?:-  of  the  cryostat  iqp'down, 

•• 

eurl  in-oat.  Holes  were  cut  in  the  eKlstinr  ductwork  (b)  on  top  and 
bottom  and  additional  working  vohjme  was  provided  by  top  flange  (c)  and 
bottom  can  (a).  A  hollow  beam  can  in  the  shape  of  a  rectangular 
parallelopiped  (l)  was  fitted  to  the  top  plate  (d)  conpieting  the  vacwi 
system.  All  Joints  were  see^jed  by  "0"  rings  no^>  shown  in  the  drawings 
of  figures  11  and  12.  The  beam  can  (i)  has  a  horizontal  beam  port 
located  near  the  central  horizontal  plane  of  the  duct.  Figure  13  shorn 
a  detail  of  this  beam  port.  The  face  of  the  beam  can  is  counter-bovad 
receive  a  plate  containing  the  beam  apertvite.  The  location  and  area 
of  ‘Uie  aperture  can  be  changed  by  changing  this  plate.  Both  the  can 
face  and  the  aperture  plat,e  arc  prs-tlnned  witfc  soft;  solder  and  a 
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.001  laeli  thick  nickel  foil  is  soft  solterod  in  pine*.  Om  nldtel  IMl 


ptraits  the  deirteroae  to  Xmto  the  vectm  end  enter  the  heea  has. 

The  heea  port  is  cooled  hy  1/8  inch  0.0.  copper  veter  line*  ehoim  in 
flfoare  13.  The  wetez  lines  ease  19  along  the  side  of  the  hesa  has  (l), 
end  out  between  the  top  flange  of  the  beaa  box  and  the  bottoe  of  the 
base  plate  (e).-. 

The  base  plate  (e)  aoFes  on  tracks  nounted  on  the  top  plate  (d). 
Motion  is  provided  by  a  screw  fixed  to  the  ebaft  of  aotor  (j)  and  a  nut 
fixed  to  the  base  plate  (e)  as  shown  in  figme  12.  A  pair  of  alcro- 
switches  aoiinted  on  the  top  plate  (d)  allow  a  traverse  of  about  1.5 
Inches.  Three  screws  ere  fixed  to  the  cryostat  ring  (h)  at  120‘’  iatar> 
vals  as  shown  in  fig'jr^  12.  These  screws  run  in  three  geared  mite  (g), 
end  the  geared  nuts  are  fixed  to  the  base  by  thruat  bearings.  Ths  gssrsd 
nuts  are  rotated  together  by  aotor  (f)  through  a  chain  drive  prorldlng 
notion  of  the  cryostat  ring  *ip  and  down.  A  pair  of  aicroewitches  aUsw 


about  one  inch  cf  ^•'dawn  action. 


The  top  flan«e  of  the  cryostat  is  fixed  to  the  cryostat  ring  aad 
the  lower  part  of  the  cryostat  sits  down  inside  the  beaa  box.  There  is 
e  set  of  acsglc  atarklugs  on  the  cryostat  ring  and  a  fiduciary  nark  on  tbs 
cryoatat  f  lange  showing  the  proper  beaa  direction  throu^  the  eryoatat. 
The  cryoatat  is  rotated  2*  froa  the  direction  of  the  duct  center  line. 
This  angular  correction  was  determined  by  having  the  beaa  throw  a  shadow . 
near  the  cryostat  position.  Since  the  beam  flux  density  is  highest  at 
the  center  of  the  duct^  o>'tward  motion  provided  a  decrease  In  the  flax 
density  when  needed  by  e  factor  of  about  2.  The  beaa  hel|^t  at  our  po- 
^  Mon  is  about  1/4  inch  and  the  cryostat  operture  was  about  1/8  inch. 

The  saaple  Is  positioned  in  the  beaa  by  raising  and  lowering  tin  cryoatat 
until  the  beaa  current  in  the  cryostat  Faraday  cup  is  a  aaxlauB*  Slaee 


tte  HMmOiar  cup  aperturs  ms  «HpiejUb3p  imllT  ttea  tlw  Imm  iMigMj 


this  mKliim  wwqialts 


ttixailts  ussA  for 


esBferol  of 


tks  orpostst  posltim  are  shown  in  flipire  ih. 


0.  Setezmlastlm  at  Bsa»  fliac  ssd  laexigr 
1«  MBssttrassnt  of  Beam  Hxde 


Sha  ham  of  dsutecraos  taeideat  on  the  sasple  in  tha  crysstah 


oaUsetaA  in  a  laradigr  eiqp.  Sha  inclAant 


f3xB  is 


total  noaber  of  deuterona  oolIaetaA  la  tha  Ihxaday  09  diviSaA  hgr  tfea 
area  of  the  coUlaator  opening  located  iaaediataly  in  front  of  the 
samle.  nuB  Faradaj  cap  rhaiA>eir  is  hhown  in  tha  scale  seetlan  dimls 
of  flgnre  15>  The  chaaiber  is  ftsad  to  the  hade  face  of  the  cryostat 
vlth  an  t>”  ring  com^ting  the  cryostat  vaevua  eystat.  Stupakoff  so 
proride  hoth  physical  stipport  and  electrical  contact  to  the  Faraday  0 


CrU  is 


grid  loeatad  inside  the  Faraday  cnp.  The 


at  ahoob  1500  mlta  aapttiTa  with  xespact  to 


Its  tha  lam  of  aacoodary  eleetroos  porodnead  hy 


s^BlAr  dreait  is 


Istor  is 


currant 


far  aaCaty 


im  tha  first  part  of  this 


(i«a« 


in  alsetrlesl  rssistssoa  vith 


is  ehown  la  flgore  17.  Tha  Faraday  cop  is  coonactad  to  gromd 


haown  high  raslataace  and  tha  mltaga  drop 


this  reaistar  in 


to  drlva  too  Varian  atrip  chart  raeovders.  The  Vartan  raeorder  is  n 


M  if-halanclng  potentlooeler  mich  plots  the  Input  aigaal  as  n  fosetifltt 
of  tine.  The  area  xuder  the  emre  plotted  hy  the  recorder  is  then 
propoartlonal  to  the  total  charge  entering  the  Faraday  cvp.  The  fall 


n 


•eaXt  •9ftn  of  the  recorder  It  .010  volte  and  it  caa  be  opexateA  vith 
OM  eecood  fall  ecmle  reeponae  tlaa  vith  a  ■aarlwnaa  allowible 
xaalataaee  of  ,25  MgolDM.  Sherefoore  the  aoat  aeaalttva  full  aoale  bMft 
eqrregt  aetting  vith  thia  ayatea  vaa  .04o  aieroaagperea.  The  fivat  xa- 
oorier  la  located  In  the  cyclotron  control  roam  and  it  ia  oaed  to  aoalter 
the  beam  cta^rent  in.  the  cryoetat  for  cyclotron  toning  purpoaea.  The 
aecond  recorder,  lomted  at  ^le  laboratoiy  bench,  doea  the  plotting. 

The  sontrola  for  remote  positioning  of  the  cryostat  in  the  beam  asre  alno 
located  at  the  laboratory  bench,  and  the  second  recorder  eervea  aa  a 
beam  etzrrent  monitor  for  poaitlODal  toning. 

For  the  atodiea  of  cbat^aa  in  mechanical  profertiea  vith 
bcalMKrdBsnt,  greater  b«mm  carrent  nMaurement  aeneitlvity  vaa  daaizaA. 
Thia  vaa  accoapUahed  vllh  the  meeeiirenent  ayataa  ahomx  in  Figure  10* 

Ae  before,  the  Faraday  c’jp  la  cooneeted  to  ground  through  a  ealibocataA 
high  resistance.  The  voltage  drop  across  this  reslator  la  aaaauraA  bgr 
a  Siithly  d.c.  elsctrometer.  The  Keithly  Indicates  a  voltata  irii8VtlMa<» 
al  to  the  beam  carrent  and  alno  provides  this  signal  at  a  gain  of  oma 
vith  1|00  ohms  Internal  resistance.  The  Keithly  is  placed  in  the 
cyclotron  control  room  and  its  oo^yit  signal  used  to  driva  the  Moomd 
Tarian  rscorder.  The  Kaithly  ia  OMd  on  ita  .OgO  volts  acaJm  amd  fall 
scale  beam  eurreat  settings  of  .001  microaaperea  and  hiffimr  art  maallmp 
ble.  The  atrip  chart  recordings  of  the  been  carrent  vara  lafeapaiad 
using  a  polar  planlaeter.  Thet,  kaoving  the  full  scale  settiag  of  beam 
current  eireult  ai^  the  speed  of  the  dmrt  nator,  these  araaa  vara 
converted  into  the  total  nnatser  of  deuteroaa  entering  the  Ibraflay 

At  the  radiation  effects  Installation  the  been  IntMBlty  ia 
about  1  microanpere/d^  or  6  x  10^  deuteroos/eec/cm^.  *Rie  area  of  the 


eonittor  ofwaiiii  «m  la  ftama  ifbovt  *2.  en^  fo  ISiftt  wo&%  fate  WB 
takwa  vitli  tlMut  O.afi  ^  WmtmSaf  eqp.  WMm  iMt  1»Mii  mt 

dMlred  tlM  ejrelotron  eoalA  Oftrated  down  to  about  itt  ■art— 
boMiy  (tho  lowor  Halt  for  stablo  o^oxatiOB),  aad  tbe  cryostat  coold  Im 
poUtd  out  from  Hie  duet  center  to  gtre  a  further  reduetlom  Iqr  a  fteter 
of  2  in  the  faradagr  cup  current. 

Ibe  auppreesor  grid  power  eiqply  and  the  tieem  current  circuit 
have  output  and  input  reeistanoee  reepectlveSy  of  the  order  of  one 
negohm.  therefore  neither  circuit  could  tolerate  appreciahle  electrl* 
cal  leakage  condoetaace  to  ground  across  the  glass  Insulation  of  the 
Stvpskoff  seals.  Such  leakage  was  ssperlenced  when  the  beea  vas  present 
in  the  huedd  atnaqphere  of  the  beam  veil.  To  prevent  this  belli 

Biqpressor  and  fSradey  ci^  leads  vere  brought  up  to  the  top  flange  sf 
the  cryostat  and  out  of  the  veil  in  sealed  copper  tubes  in 

standard  coaxial  etxtnectors. 

2.  The  Uncertainty  in  the  Beam  fine  Measurement 

The  possible  sources  of  random  arror  In  the  first  bena  flm 
meaauramsat  system  are  (a)  random  calibration  error  In  the  recorder, 

(b)  recorder  sero  shift  during  irradiation,  (e)  recorder  dead  qgaos, 
and  (d)  plsnlaeter  ares  naasuremsnt  error.  Tbs  error  Introdyed  bf  (n) 
vas  slisdnatsd  by  cbecklng  the  recorder  deflection  for  a  eallbratad 
input  current  betveen  each  irradiation  expoaure.  The  error  introduoad 
by  (d)  vas  found  statletleally  to  be  Uhout  .2^.  The  navi— i  error  dot 
to  (c)  is  of  full  scale  deflection  or  an  average  of  about  t$,  flee 
fficTor  duo  to  (b)  is  eetlnated  to  be  about  1J(.  (The  error  due  to  (b)  la 
easily  confused  vlth  that  of  (e). }  The  total  probable  randoa  wror  in 
tbe  beam  flux  nessursaent  of  the  first  part  of  this  vork  is  sstinated 
to  be  sbout  i$. 


n 


fhft  peuible  •ourcM  of  ■ysteafttle  orror  In  tta*  mistivltgr 
■ifur—iBto  «qporlaBat  are  •yatoiMtlc  calibration  azror  la  iStm  icntmim 
(aUataatad  aa  ia  (a)  of  tba  praviona  pantgr^ph}^  and  baaa  araa  chaaga 
Aaa  to  leaa  of  eoUlaatloa.  The  eoUlnatlon  la  knovn  to  have  retaaiaad 
narthangad  la  the  fallovlag  aagr.  The  baaa^  paaalag  through  tba  alwlgii 
foil  on  the  exit  viadoir  of  the  aaqple  caa^  leavea  a  light  ahador  on  ^ 
foil.  Thla  ahadotf  waa  alaagra  qpaite  ahaxp  and  the  area  of  the  ahador  mo 
aqgaal  to  the  araa  of  the  eoUlaator.  Thua,  the  ayatmaatle  error  in  tte 
firet  part  vaa  eaaeatiallsr  aero. 

la  Boaa\iring  Mechanical  profartiea^  aoureea  of  error  la  haan 
fin  aaaaureneata  are  caaantlally  the  mm  aa  thoae  eaeouatarad  la  tko 
first  part.  The  difference  eas  that  la  the  aecond  ayataai  (b)  baossa 
very  aadi  iarger.  Whea  the  cyclotron  aaeiUator  eaa  turned  an  thno  ens 
a  nhangn  in  the  aero  aettii^  of  the  Keithly  electroaeter  of  akeet 
of  full  acale.  nila  change  varied  fina  day  to  di^  and  froa  hour  to  lenr. 
To  nlnlnite  the  error  due  to  thla  ahlftlng  aero  a  beam  gate  on  tlia 
cyclotron  eaa  cloaed  and  then  reopened  regularly  during  a  radiation 
eapoaure  to  eatabliah  the  aero  aetting  on  the  recorder  chart.  The  astl- 
anted  probable  error  la  been  fin  maaeuranant  la  the  aecond  ayatOB  wad 
in  €$•  Am  before  no  eyateHatle  error  la  npacted. 

3*  Ineldeat  Deuteron  Energy  Detendaatlon 

The  energy  of  the  deuterow  lacldeat  on  the  eaapl*  we  istanlaai 
In  the  foUoelag  eay.  The  energy  of  the  external  bean  la  iamm,  and  the 
anargy  loaaea  eawad  by  the  bean  paaalag  througb  aeveral  folia  sas 
eoBputad  fron  atandard  Range-Bnargy  eurvaa^.  Three  caaee  was  of 
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Interest  In  studytof  tbe  emrgjr  dependence  of  radiation  daMMie.  She 
first  vas  tbe  aaarlnnim  energy  attainable  with  our  systen.  Shis  nt— 
voergy  (Eq)  resulted  from  the  bMtm  passing  in  sequence  throuid^  s  .0(^ 
inch  thick;  niclrel  foil  i^on  entering  the  beam  mil,  then  tluraaiiti  a  .00019 
Inch  thick;  nickel  foil  upon  entering  the  cryostat,  and  -^n  throoi^i  a 
.OOOT?  thick  al'jmlc^aai  upon  entering  the  sanple  chasOser.  In  addltlaa 
there  is  a  small  energy  loss  due  to  the  passage  of  the  heaa  through  a 
gas  atmosphere.  The  initial  beam  energy  vas  taken  to  be  l4,9  asv.  llM 
value  of  Eg  was  roo^uted  to  be  13.7  mev.  The  second  case  involved 
placing  a  .005  inch  thick  aluminum  plate  in  tbe  Incident  beem  path,  fhr 
this  situation  the  beam  passea  in  sequence  throfjgh  the  .0010  In^  iddBSl, 
the  .0050  inch  altmiinm,  the  .00025  Inch  nickel,  the  .00075  laeh 
aluminum  and  again  the  small  correction  fox  the  etmoephere.  The  lacUaat 
deuteron  energy  vlth  the  .0050  inch  alumixpzm  plate  in  place  vas  fooiA  ta 
be;  a  12.1  mev.  The  incident  deuteron  energy  with  a  .0100  Indi 
al^alnm  plate  in  place  was  found  to  bs:  S2  ■  10.3 

Cbanges  in  incident  energy  were  accomplished  ^  situ  using  a 
plate  changer  located  Just  in  front  of  the  front  slits  ^  the  cryostat. 
The  plate  changer  wae  a  frame  that  ran  \j^  and  down  in  tracks  f fated  to 
the  front  slits.  Tbe  frame  had  thzve  positions,  the  first  vas  qpeay  tha 
second  and  third  placed  tbe  .0050  and  the  .0100  inct  aluminum  platM 
respectively  in  front  of  the  entrance  window  of  the  cryostat.  The  fxmm 
vas  held  in  the  first  posltlcm  by  a  spring  attached  to  the  bottom  of  tta 
cryostat.  The  top  of  the  frame  vas  ctMonected  to  a  keyed  poaltfon  hlook 
on  the  t(9  of  the  cryostat  by  a  pair  of  nylon  lines.  Moving  the 
position  block  from  the  first  poeltlon  to  the  second  or  third  puUsd  the 
plate  frame  against  the  spring  tension  placing  the  .0050  or  the  .0100 
inch  plate  In  frcmt  of  entrance  window. 


h,  1Sae«rtftin^  In  tlie  Incltest  Dratoron  Jbmrgy 

The  qanntltiaa  that  me*  at  InterMit  in  tl»  aiiavgjr  tatmatamm 
votrk  tarn  tbm  ratios  l^/Bo  ^  arrora  invoXvad  la  ea^pi^lg 

Hba  atoipiag  powara  of  tha  folia  fgaaant  for  all  thraa  anaariiai  9^  l|^ 
and  Eg  are  syatenatle ;  their  cootrlbutloa  to  the  uncertaloty  la  ti» 
ratios  Ex^o  ^  cancel  out.  She  syatenatle  uaoertaiBigr 

in  the  ratios  Ej^^  and  Eg^^  due  to  uncertainty  in  the  ealealatioB  of 
the  stopping  powers  of  foile  present  for  all  three  energlM  is  Inas  than 
jifl.  She  errors  that  are  expected  to  he  of  is(portance  are  the  systiltici 
erroara  In  the  .005  and  .010  Inch  plate  stopping  pewars  and  tte 

madon  toieertalnty  in  the  initial  bean  anergy.  The  syatenatle  anaarladMir 
la  the  ratios  Bj/i^  and  Eg/I^  ia  about  fhe  uncertaiatgr  in  tin  iai^ 

itial  deuteron  energy  arises  fron  variations  in  the  eyelotzoa  reawHaa 
altuatlon.  She  value  of  the  initial  deuteron  energy  end  Its  pwlnMa 
variation  ware  arrived  at  on  the  hnala  of  the  long  eaqperlenee  of  Hm 
nocleer  phyalelate  using  this  eyelotron.  The  probable  error  la  tba  vnlaa 
of  the  Initial  deuteron  energy  was  aetiaated  to  he  2l(.  She  total 
uneortainty  la  the  ratios  E^/l^  and  Ej^^  Is  estiaated  to  ba  sboat  3|L 


D.  Usetrlnl  Resistance 
1.  Mtasuraesnt  Technl^ 

The  electrical  realetanoe  of  the  nstal  under  study  nan  naaaipad 
aalng  the  standard  four  texnlnal  nethod.  Connections  ware  aads  to  tha 
anda  of  the  eeaple  vlre  and  a  known  d.e.  current  passed  throQi^i  tin  ilati» 
She  voltage  drop  aeroee  a  section  of  the  esnple  vlre  between  ti»  eanoMb 
conneotlonB  was  ssMuiurad  using  a  type  K>3,  leads  end  Rorthanv 
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•fSfMtf  only  the  MMltlTLty  of  tl»  pettoaetlAl  aMiurwNst. 

9m  •loetrieal  rMlstneo  of  s  avtttl  it  (tm  sriJMrl3j  91  Uli 
Moiteterlag  of  cmdoctloo  aXeetroao  by  yhoaoui ;  tbt  MOlteaX  MMdttiiilii  lit 
iteolnte  wro  la  dm  to  lattioa  iafaxfaetloaMi.  9ila  rasiiaal  MMitliiiii 
la  of  the  order  of  e  fev  percent  of  the  rooA  taupwrature  reeielHieef  aai 
it  la  thla  realdual  realateace  that  «e  eapeet  to  ehaaga  vlth  the  Ifltev- 
daetloB  of  radiation  Ixidiieed  defeeta.  In  ordar  to  ■aaaura  aaall  dmttgm 
In  9m  realdaal  realatanee  at  hii^b  ta^paaratnreaj,  It  la  aapeeaaiy  tn 
elthar  nalataln  the  aaepla  at  a  eonetaat  taaparature  or  to  1m  aMa  to 
eocxeet  for  teiiparatmpa  ehamea.  9m  elactrleal  reaistaaee  ■mmmmmhIm 
on  tuBpten  reported  here  were  ande  at  395*K.  9m  taaparatwa  eeafrielMti 
of  raaietaaee  la  tuagatan  mm  naaeigaft  to  be  1.731(/*C  bataaan  77  eat 
300*1.  In  order  to  oeeaure  rbaimaa  In  realataaoe  vit^  an  MMinlgiMlir 
of  laea  than  10^,  the  tenperature  Tarlation  had  to  be  laaa  than  .09^ 

Yitdh  the  eaperlaantal  aetiv  need  for  tbeee  aananroneata^  99a  INH^naalMM 
ronataary  eaa  9voaa£bla  to  achieve.  Since  9m  dauteron  baan  had  ba  |MW 
throoi^  bhe  aenple  cbaalBer,  the  aaapla  rlawtinr  could  not  be  iMnaaod  SS 
the  ooaataat  taajpeTati,nne  bath.  laataad^  the  aeaple  Pbabhar  eaa  ylaeat  In 
ehat  eaa  thought  to  be  Intlnate  thacaal  coutaet  vlth  the  ba9u  la  ■ 
iraetlee,  lee  f omed  at  the  bottoa  of  the  cold  eell  and  Hbm  to^pMlMI 
In  the  aaavle  eha9ber  eould  rlae  aloely  with  tlan.  It  eaa  9M9ltlva 
decided  to  correct  for  teaperatura  ohangea. 

9iia  taaperatiira  corractloa  eaa  accqgpliahad  by  eo^pnlas 
realataaM  of  the  tuegaten  vize  aagpla  ender  irradiation  to  9Met  of  an 
ahnaat  identical  unlzradlated  tungaten  vlre.  Thla  mlxTadiated  gafiig-» 
enee  aaaiplB  eaa  mounted  in  aueh  a  eay  aa  to  Isaure  that  the  teqpana9na 
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of  tlM  two  ver«  tane  vb«n  ther«  wm  no  toaa  in  th«  ■wplo 

cbnWber.  The  mmBuremnt  achene  la  ahown  in  figure  19.  Aie  aapipla  (1) 
and  the  reference  aaiqple  (RR)  aire  placed  in  aerlea.  Contacta  to  S  aaA  M 
were  awide  aa  ahcxm;  netal  A  la  Chroael  and  oetal  B  la  Aluael.  The  po- 
tentlOBieter  couM  he  avltched  to  laeaatire  poteutlala  V,  TV,  and  T2. 
These  Bkeasureraenta  were  made  with  the  aas^ple  current  I  flowlag  first  la 
one  direct looj,  then  the  other.  Averaging  th-sae  foorward-reverae  values 
of  V  and  W  eliminated  erren*  d'ae  to  contact  potentials.  MeaaureMata  of 
7  and  77  were  aade  with  xv>  team  In  the  saaple  cbanibex,  and  it  was  aastoiad 
that  the  ctaaniber  was  at  a  lislform  tengMrature  when  no  beoi  was 

preaent.  The  potentiaia  and  were  aeasjred  with  R  under  Irradfotltoi 
to  give  the  aaaqple  teiqperature.  (The  thermoooLq^3ee  A  end  B  were  not  eat- 
aetiy  at  the  saae  point  on  the  wire,  hut  the  reeiiltant  eaall  IR  drop  was 
averaged  out  hr  the  revereal  of  I, )  To  assure  that  the  tbemwcoupla* 
copper  JuBctione  were  at  a  uniform  tenqperature,  these  J^inctiona  ware  aada 
to  copper  posts  Implanted  in  the  aaaalve  copper  saaple  haae.  niese 
copper  posts  were  el<rctricaily  ins^ilated  from,  the  saaple  haae  hy 
Sauerelaen  ceaent.  The  potentials  7^  W,  *^2  saaple  curreat 

I  were  measured  using  the  svitcbing  circuit  shown  in  figure  20. 

It  was  aaauaed  that  the  saaple  resistance  could  he  writtn  la 
the  fora 

R(p,T)  .  dR(^)  +  P/T)  , 

where  p  Is  the  integrated  deuteron  f  lux  incident  cm  R.  The  qmaatlhf  dR 
la  some  laaiotooic  function  of  0  tdilch  is  sero  when  ^  is  zero.  Ths  ratio 
7  »  R(0,T)/RR(T)  was  measured  hefore  Irradiation.  The  radiation  ladaead 
xcflistance  change  was  then  determined  hy 
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Vam  mtlo  7  la  imt  atm  «atl«  of  tha  langtha  of  B  aad  Bt.  For  all 
aamlaa  atudied,  y  mm  kapt  vlthln  a  fev  pareant  of  oma. 

2.  Uocartalaty  in  tka  NsaatarcaBant  of  Elactrical  Baaiatanca 

Zha  aaapla  current  vaa  cboaen  to  te  .01CX)00  aaperaa.  Bila  amlna 
produead  Joule  heating  In  B  reaultlng  in  a  tezoparature  rlaa  of  about 
,01*K.  The  initial  valuaa  of  B  and  BR  ware  al?out  c2  cAuaa  ao  V  and  W 
where  about  2000  mlcrovolta.  An  obaerver  could  es^ijaata  to  +  •3>  aloro- 
YOlta  on  tha  potentlometar  with  the  aanaitlvity  avaxlablao  Therefora 
the  baaie  uncertainty  in  thia  reaiatanee  ■eaauranant  waa  about  1  part  la 
10^.  With  tha  eyclotxtm  oaciUiator  turned  off  there  waa  of  tha  order  of 
1  uLerovolt  dlffaranca  between  the  forward  and  reYerae  valuoa  of  ▼  oat 
W.  W.th  the  oaclUator  turned  on  thla  difference  in  forward-raYaraa 
Yaluaa  vent  up  to  5  to  10  micranrolta  and  tha  average  valuaa  of  V  aad  FT 
with  tha  cyclotron  oacillator  off  and  on  differed  by  aa  nucb  aa  1  part 
in  10^.  Thia  affect  waa  never  underatood,  but  It  waa  eliminated  by 
placing  1  microfarad  ceramic  condenaora  a'roaa  V  and  W  where  the  laada 
ooaa  out  of  the  cryoatat.  Baaed  on  a  aeries  of  measurfiaants  of  B  and  Bt, 
tha  proMbla  error  in  detaiminlng  waa  found  to  correapond  to  ^  1  part 
in  10*^. 

3.  Sample  Nountlxtg  Techniqiue  for  Electrical  Measurement  a 

The  aaaple  lurintlng  acheiae  la  ahown  in  the  aketch  of  figure  Bl« 
The  aaaple  wire  la  .001^  inch  diameter  tungaten  wire  aipplled  by 
Sylvania  Coapany.  Thia  tzingaten  wire,  (Sylvanla  nunfber  9B-50),'  had  beam 
cleaned,  atralghtenad  and  annealed  1n  a  reducing  atnmphere  at  about 
700‘*C.  The  aaqple  wire  waa  placed  between  the  two  vertical  piUmn  of 
the  lava  amqple  moimt  at  a  height  of  3/B  inches  from  the  bottom,  aad  waa 
held  in  place  by  two  dabs  of  Sauereisen  cemeat.  The  left>hand  c<»rtls»> 
atlon  of  the  aaaple  wire  vae  then  placed  acroee  the  slot  cm  the  left«haad 
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plUar  aiKi  again  ccHuited  la  plaea.  flMt  zlf^t  l»oA  «nd  of  tha  aMpla 
wire  tras  aaldul  t4>  oae  of  tba  right  Imnd  iCovar  coaaoetloa  poataj  tlM 
left  baod  end  of  the  aaople  vlze  vaa  bent  aeroae  ajod  welded  to  ttoa  otter 
Eovar  poat.  ^o  connect  the  .0010  Inch  diameter  Cbraa«l  and  Altaaal  iMfil 
to  the  aaaqple  tnxe^  tbe  sas^le  mount  vaa  clamped  in  place,  and  the  Itelo 
were  brou^t  into  poaition  with  a  mlcro-nanip'iiator .  The  leads  ware 
welded  to  the  senile  wire  and  then  cemented  to  the  mount  aa  ahowa  la 
figure  21..  When  the  cement  was  drie.d  the  free  ends  of  the  leads  vara 
released  from  the  micro-manipuiator.  Ihe  proper  positions  tor  all  wiras 
was  detemined  scribe  narhs  on  the  lava  mount.  AH  weldlag  cparatitei 
were  carried  o^-.t  in  arr  uxider  a  20  power  binociilar  microacope. 

Tdie  coonectrous  described  above  were  all  hatt-arc  welda.  3te 
power  for  tbe  arc  welding  was  supplied  by  a  condenser  discharge,  fte 
oae  of  a  cotsdesser  discharge  for  welding  aaall  vires  was  suggestsA  bgr 
Profeasot  E,  Craig  of  the  Chemistry  Department,  Vniversity  of  PittStooxgh. 
The  arc  welder  provided  variable  charging  voltage,  capacitance,  and 
aeries  resistavce;  +he  discharge  was  controlled  by  a  foot  switch.  Beat 
resiilts  V!?r«^  ot^ained  .sing  from  4-8  microfarais  of  capacitance 
charged  to  from  50  -  100  volts  with  no  external  series  reslstanea. 
(Depending  on  its  length,  tbe  lead  wire  of  Cbromel  or  Alvml  prorldaA  ot 
the  order  of  10  ohms  scries  xesistance.)  The  following  procedure  lad  ta 
consistently  good  Joints.  Connection  was  made  from  one  aide  of  tte  ate 
welder  to  the  aeaple  wire  by  soft  soldering  to  one  of  the  sanpla  wire 
Kovar  posts.  (One  connection  sufficed  for  all  Joints  since  the 
resistance  per  'onlt  length  of  the  t^uagsten  vae  ^  l/lO  that  of  the 
'  •r.ioraei,  or  M’jmel,  J  The  lead  to  be  welded  was  held  in  the  sauiipalater 
by  a  clamp  connected  electrically  to  the  o+her  side  of  the  arc  waiter. 

The  lead  was  maneirinered  into  position  on  the  -ao^xcit  with  Its  ei»d  Just 


30 


butted  into  the  MBjple  vice.  It  vmt  then  vlthdraim  ■liifhtljr  Md  iSm  ■ 
toot  fvltch  closed.  The  lesd  to  be  velded  is  theu  rw  into  tStm  MMfte 
wire  and  an  arc  occurs  as  they  coma  together.  This  oiperattoa  a3»agrs 
resxilts  in  the  f omatlon  of  a  ball  on  the  end  of  the  lead  vlxe,  but  ao 
veld.  Ibe  prevlotis  steps  vere  then  repeated  and  the  second  too  nenaUar 
prod'jced  a  good  veld  betveen  the  ball  and  the  saiqple  vire.  An  eranple 
of  velds  achieved  vlth  this  techniqiie  is  shoirn  in  the  i^Mtograph  of 
fig^e  22.  The  velds  of  the  ssaple  vire  ends  and  the  reference  asuple 
Chrcnel  potential  leads  to  their  agprcprlate  Kovsr  poets  vare  Mie  in 
the  sane  vay. 

The  ecspleted  saeple  nouottiag  vee  then  temiogrerjUjr  bolted  to  ae 
alusdntSi  base  and  annealed  for  one  hour  at  5^0*0  in  a  hydrogen  ataeailnm. 
After  ameallng.  the  saaple  noonting  is  bolted  to  the  — bees  and  tto 
coUinator  fixed  in  position.  At  this  point  the  contacts  ^1^  V  % 
and  AA2  vere  ready  for  connection  to  the  copper  vires  bringing  tiaae 
tersinals  out  of  the  cryostat,  dbe  ends  of  leads  A;^,  A^*  aad  B| 
vere  free.  These  vere  then  velded  to  heavy  posts  of  the  corresponding 
Cbromel  or  Alumel  metal.  These  th^lBoccrple  poets  vere  silver  soldered 
to  copper  poets  vhich  were  In  good  thermal  contact  vitb  the  eaq^le  base 
as  described  previously.  The  eight  contacts  vere  then  connected  to  tin 
Junction  box  on  top  of  ^  cryostat  *flth  umiber  ko  eneneUed  cqgpsr  . 
vires. 


B.  Mecbanlcal  PrcpertiM 

1.  Measurement  of  Internal  Frictloa  and  Blastlc  Modalus 

Oofr  general  method  for  messTzrement  of  internal  friction  Md 
elastic  oodiilus  involves  setting  up  a  sisple  mechanical  resonsaee  ^ratan 
ihste  the  resonsnce  ooDdltions  Involve  the  mechenlcal  perameters  of  tha 
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MtarlAl  UBter  ttudsr.  Th«  g>Qttry  ci  th*  tystM  ^oten  it  AiettitA  tgr 
tlM  frtfiitaey  range  and  the  ▼itoratlootl  aode  detixed.  Za  ear  mjfmrtUtHtt 
there  vat  a  further  reatrletloa.  She  tuagetea  taapZe  had  to  he  tbim 
enough  to  peralt  paeaage  of  the  laeideat  deuteroaa  throiic(h  the  aa^pte 
vith  only  aoderate  lota  la  eaHrgy.  fhlt  tat  detirdble  to  that  the 
theoty  of  defect  productloa  etudled  ia  the  firet  part  of  thlt  work  moIA 
he  \ieed  If  needed  to  eoepute  the  radiation  induced  defect  deaaitf •  2h 
addition,  the  eaap3e  aouating  had  to  he  aaaU.  enough  to  fit  into  the 
tailzie  Ohahber  of  the  erjroetat. 

It  vaa  decided  to  uae  the  um  .0015  inch  dieaeter  tuafataa 
vlre  for  the  aachanleal  atudiea  that  im»  need  for  the  enasiP  dopaiiiaaae 
vock.  The  geoaetry  choaen  for  the  raeonanee  eyataa  ana  that  of  a 
oaBtileeered  rod  vihratlag  in  flemre.  The  aeaauraaeBt  aat  np  ia  AMaa 
aOheaatlealiy  in  figure  23.  The  tranedueer  ia  a  fZS  earaade  hender 
hiaorph  anpplled  hy  Clevlte  Carporatloa.  Thu  hiaorph  ia  a  rectanfolar 
paralleloplped  vith  two  ceraalc  eeetiona  saadviehed  hetveen  3  aetal 
plates.  The  hlnocph  produces  an  e.m.f .  between  the  outside  plates  when 
the  hiaorph  is  hent  in  a  plane  perpendicular  to  the  plane  of  the  aetal 
plates.  The  forces  of  reaction  of  the  vibrating  aanple  on  the  traneAaeer 
arQpart  produces  a  aaall  strain  in  the  hiaorph  which  in  turn  prodncoe  an 
electrical  signal  proportional  to  the  reaction  force.  One  aad  of  lAe 
saeple  is  fixed  to  one  of  the  astal  plates  with  conducting  caaeat.  Thia 
plate  is  electrically  grounded.  A  alnuaoidal  voltage  of  frefoni^  t/t 
ia  applied  hetween  a  driver  plate  and  the  free  end  of  the  eaaple  wire. 

Ilie  applied  force  on  the  end  of  the  saaple  dfqenda  on  the  square  of  law 
applied  voltage;  therefore  the  oeclULatlng  conpcwent  of  this  force  will 
have  a  frequency  f .  The  output  voltage  of  the  transducer  ia  aqplifiad 
hy  a  variable  frequency  hand  pass  amplifier  tuned  to  frequency  f . 


Thlm  »Usml  iM  fed  to  the  vertical  «vllf ler  of  a  eatlioda 
oaclUoaeog^  and  alao  to  a  voltaeter.  Hie  drive  fre^aey  la  laaerid 
hy  a  eeaaareial  frequency  aeter.  The  aaiplitude  of  vibration  of  tha 
aonpla  can  now  he  aeaaured  aa  a  function  of  freqEoeney.  The  poA  of  tldta 
reaonanee  curve  glvea  the  ireaooant  freqpiency,  and  the  width  of  tha  jaalt 
givea  the  danpiag  1/Q  aisce 


Esre  f^  la  the  reacmant  freq;uenic!y  and  f and  f2  are  half  power 
polnta.  If  the  daaq)1ng  ia  very  anally  the  reaonanee  peak  ia  very 
aharp,  and  the  reaonant  freguency  can  he  detemiaed  acciarately*  flar 
thla  caae  the  half >vldth  ia  difficult  to  neaaure  and  a  aaaauronaat  of 
the  logarithmic  derrement  6  ia  more  preclae.  Figure  23  ahowa  the  adwna 
for  neasuring  6.  The  easple  ia  made  to  vibrate  at  ita  reaonaat  freqpanoy* 
When  the  ’’tranalent  start”  switch  la  closed  the  mercury  relay  la 
energised.  The  mercury  relay  is  a  doable  pole  throw  switch  wtaiabt  norailp 
ly  connects  the  drive  plate  to  the  drive  voltege  eofjrce  and  tha  aeopa 
trigger  terminal  to  ground.  When  energised,  the  mercury  relay  jpMMla 
the  driver  wire  making  the  drive  force  aero  and  initlataa  tha  oaoUla* 
scope  aaeep.  The  ooclUoocope  trace  ia  photographed  and  the  daoay  tiai 
constant  (r)  of  the  exponential  anvelope  of  the  trace  can  te  datwnriiad 
fron  the  photograph.  The  trace  anplitudea  were  determined  fton  tha 
photogn«hs  using  either  the  calibmtnd  eyepiece  of  a  low  pownr 
acLerooeope,  or  a  drafting  acala  and  a  Minifying  glaaa.  Tha  txnoa  wm 
atqperUqpoaed  in  the  photograph  on  a  tine  acale  available  on  tha  oathoda 
ray  tidie  face.  Iteing  the  calibrating  time  scale  on  the  Tektronix 
ooclUoocope  the  logarithm  of  the  aqplltude  was  plotted  veraua  tiUM. 
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Ihe  decay  tlm?  was  c(»5»iited  from  thr  tlope  of  e  elralght  line  dravn 
through  theoe  experimental  point*.  Ihe  exponeoi  u i  rberacicr  of  the 
decay  reflected  by  thle  linear  dependence  was  a  r-onelant  check  egaliuit 
Wfmioat  effects.  For  example  the  dependence  of  damping  on  vlbretlookl 
amplitude  would  cause  uon-linearlty  In  this  slope.  The  logarithmic 
dseraaent  la  6  »  l/rf^^  and  a  >  ti/Q. 

Consideration  had  to  he  given  to  the  effect  of  the  transmission 
characlexlstio  of  the  peea  amplifier  on  the  transient  decay  Signal* 
The  hand  pass  of  the  amplifier  was  achieved  using  a  sijqple  BIC  tunad 
filter.  An  analysis  of  the  effect  of  this  filter  on  the  transient 
signal  under  study  here  Is  given  in  Appendix  T  .  This  analysis  ahom 
that  the  filter  distorts  the  signs!  for  a  time  after  the  translemt 
IS  initiated,  where  Is  the  iecay  time  constant  of  the  filter  alone* 

In  most  sit  net  ions  that  wire  emourter'^d  in  the  measurement  of  ‘^afpiiig, 
Tf  was  «  r,  and  the  -'ffect  of  The  filter  could  he  Ignored.  At  vorat^ 
was  of  the  carder  of  ■^/SO  and  the  data  from  the  first  part  of  the 
decay  had  to  he  ignored 

The  fourth  order  equation  of  motion  of  a  cantilevered  rod  can  ha 
solved  anaiyt  ica  11  y  Ji  thr  ‘laropiot.  i  on  c  is  asBuun.d  proportional  to 
velocity;  thla  is  done  In  Appendix  A  The  solntioa  for  the  vlhratiOB 
amplitude  as  a  function  of  applied  frequency  is  given  in  equation  (23) 
of  this  Appendix..  The  fourth  order  system  Is  distinguished  from  the 
second  order  system  ry  the  fact  that  for  e  fourth  ordar  eystem  the 
overtone*  are  not  harmonics  of  the  fundamental  resonant  frequency.  Ihr 
high  4  systems  the  frequency  dependence  of  Ihc  OTiplUuOc;  reduces  to  the 
f -me  form  for  both  second  sod  fourth  order  sytileas,  namely 
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Iwt  tfaf-f^AgtuADar*  eoMtueta  for  r  flfos  SBii  tiiiilMMi  «l 
tl»  Aatiag^  tlM  drlTlag  fore*,  Mil  A  ronurlofM  totroor  tlM  fiMHf 
of  •faatlOB  (l^)  end.  tti^erlaent*!  x**ult*  is  obomi  la  tUgopf  fl»  9m  a 
0Mitil*v*r*d  rod  tb*  faadaaental  rMoouxt  frefueaex  (^o^i  ^  rolalaA  ta 
tta*  •laotle  aodolii*  by 

(^0)3^  ■  ^ 


«li*r*  I  and  a  ar*  tb*  length  and  radlua  of  tb*  circular  rod  raniaoti*rty» 
and  p  la  tb*  naaa  denalty  of  tb*  rod^^.  The  ovartona*  of  tbla  ayrtoa 
are  ralatad  to  tb*  fundaasBtal  by 


(fo)2  -  <5.167  (Vi 
(fj,)^  -  17.5W  (f^)j^  *tc. 


(SI) 


Xb*  ratio  of  the  f  irat  overtone  freqpiancy  to  that  of  tb*  fnndMMMfeal  w 
■Maxired  in  all  the  aaagples  atxtdied.  Theae  ratloa  agreed  vltb  ttaaqr  ta 
better  tbaa  1)(.  In  keq^lng  vltb  general  practice,  aaq^erlanctal  reavlta 
are  given  bar*  *itb«r  la  texna  of  f  ^  or  T  d*pendlag  on  vbldi  la  Man 
convenient. 

There  are  dlaadvantage*  Inrolrad  with  the  flexural  Baa* 
Tlbration  cboaen  for  tbla  eoiperlaent.  Bven  in  tinlfom  flexure  tb*  rod 
la  atralned  Bon>unifomly.  The  atraln  variea  linearly  aeroaa  ^  arad, 
going  from  a  aarlww  in  texmion  tbrooi^  aero  at  the  aedlaa  plaaa  ta  a 
aaxinaap.  in  coBgreaalon.  For  the  cantilevered  rod  the  flaomra  la  aat 
unifora,  the  atrain  viU  vary  from  a  oaxlBna  at  the  claoped  end  to  aara 


3^.  N.  Morae,  Vibration  and  Sound.  MeOrav-Blll  Book  Cogpar, 
lac.,  lev  York,  19*18,  p.  l$B. 


tte  txtm  end.  The  etnla  em  be  Knpam$&  over  the  rod,  hot  IftIHI  id 
MM  iedht  dboot  the  prefer  vegr  to  tekae  this  everefe  eegr  i«  the  oMt  dt 
otnlB  iefeefleet  dOMlng*  le  ^  ^  dleedveatetee  of  the  fSaoM 
■Die,  end  Sa  viev  of  the  pbyeieel  Utaltetloae  of  the  e^periautei  §&m§, 
it  eee  thoni^t  that  ouch  iafenDetion  couU  be  geieed  from  thie  eoyeariaMlI 
that  vottld  still  be  eiieiial;<ie  to  theoretical  iaterpretatioa.  Aa  ettMlit 
eas  aade  to  avoji.d  ei;rai:a  depeodeot  effects  In  the  nechaoleal  parMOtiia 
studied.  Thi.ft  vss  doae  g«*.neral  by  asliltg  asasureaents  at  as  iM  a 
Tibratioml  aspJltude  as  vas  poesibJle  with  the  aeas^jaeaeiit  preeieioa 
availsble.  Vhen  possible,  aeasurements  vere  aade  of  the  variatiea  of 
and  i  vith  vibratlooal  saplitude  to  iasisre  amplitude  indepeadeaee.  WiMk 
a  fired  saapie  geoenstry  the  ohly  vsy  in  which  5  cotsU  be  asasoTSi  M  a 
fOBCtloa  of  freqmenc^  vas  to  drive  the  sasple  at  a  successloa  of 
overtones  0  The  traiusd^icer  used  for  these  DeasioT^eaents  hes  a  ftrafeMsp 
reqpoase  which  is  flat  from  eezo  to  ahceit  0  he  as  shown  in  figure  9* 

Che  treaeducer  sensitivity  then  goes  through  e  lerge  psek  at  alMOifc  10  fee 
aid  falie  arspidly  to  zero  for  higher  frepasneies.  Since  the  flrot  OW» 
toas  fregpiency  for  trxr  saaple  was  about  5  he,  the  best  we  coolA  Stitaia 
were  aeesurenents  at  the  fundeaental  and  the  first  overtone  frsiBlMieo. 
2.  Uheertninty  in  the  Measurenent  of  Datemal  Frlctton  end  llaotle 
Modulue. 

The  basic  randoei  error  in  the  seasiireaBnt  erf  the  ebaags  ia 
Toing 's  aodulis  arises  froa  the  uncertainty  la  the  detezaiaatieB  ef  tiM 
sgplied  frepjency.  The  aeastnresent  of  f/2  vas  nade  using  a  aodal 
522B  Hewlett  Packard  Electr<»lc  Co^axter.  This  inatruaeat  eounbs  the 
unknown  frepiency  eignei  for  a  prescribed  tdrne.  IMs  tiae  is  detezaiast 
a  set  of  gate  signals  derived  froa  an  internal  frepiency  ataalord* 

The  uncertainty  of  this  zDeasureoent  is  stways  i.  one  ccymt  because  of  the 
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xsadcm  liaMe  M.ffer«nbC4i  ^tveen  tb«  gato  algml  tail  tba  iqpat  alpil* 
.Zh«  vtfmct  of  this  oda  couxxt  raaccfTtaisty  on  tha  procisioa  of  tlio 
froqmency  aeaBursjneat  was  aiaialsod  ty  counting  for  long  psriote  of 
tiaa,  tbe  iimltation  bAlng  ttia  frequancy  otaibiillty  of  tba  Y.f  .Oo  nA  at 
tiaeo  the  tenqpArature  stability  of  the  aaiq^le.  At  frequeacljM  of  Hboat 
1(00  cpo  the  gexteral  procedure  was  to  count  fotE'  100  seconda.  Shii  §iiva 
an  \^certaitity  of  2  parts  in  4  x  10^.  The  uncertainty  in  dstemlalag 
the  resonant  frequency  could  he  reduced  to  1  part  in  10^  hy  plottlag  tlM 
resonance  cirve.  For  hi.gher  freqaencies  the  uncertainty  hecoass 
proportlonateiy  lees. 

A  large  systematic  change  in  f^  was  exu^ountered  vtaenovar 
aaople  vas  suh>*ected  to  large  vlhratltMi  a>qplitude  oar  to  teaperatnro 
cycling  hetween  77  and  300''K'.  Since  this  effect  vas  reduced  hy  a  factor 
of  5  when  t.hi=-  poeitave,  ffl^uiecus  retween  the  condixcting  rement  and  the 
Bangle  wire  vas  eliminated,  it  is  presumed  that  ttiese  changes  in  f^ 
reS'ilted  from  -'hang'^ss  in  the  effective  length  of  the  sample  rod*  The 
sise  of  this  systemati'T  error  was  ah  oat  1  part  ia  4  x  10^,  This  affect 
vas  icot  present  as  iong  as  the  sample  temperature  vas  constant  and  tha 
vihration  anq^iitude  was  small;  therefore  pi-ecise  jneasinrejssnt  of  f p  as  a 
function  of  Incident  denteron  flux  vas  stJJLI  posslhle. 

The  sources  of  random  error  in  the  measurement  of  6  ftdl  into 
two  categories:  (a)  random  noise  and  sprjxious  modulations  on  ths  OMqpte 
decay  slrnnaL,  and  (h)  random  error  in  reading  the  anplitude  versus  tiaa 
data  from  the  photographs.  The  calihratiocs  of  the  osclUoscope  nespi 
were  checked  regular  ly  hy  photographing  sinusoids  of  known  freqaenciM. 

contrlhution  to  t.be  ’aicertsd.nty  in  6  due  to  error  in  the  tlaa  a^ils 
was  mgligi>ie.  The  raudoro  noise  la  (a)  vas  due  primarily  to 
mlcxophonic  cot <:  r  ation  of  the  trasasducer,  "his  was  MaiMzed  hy  s«king 
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tlM  MOiiU  tfqpmBCj  M  im  as  poaslbla,  uA  tba  tanuudnear  rii—at 
frttforacy  «•  M#.  m  poatlble.  At  tlaM  ui  ^mraatad,  Im 
■odalittio&  aiiipeaT^d  on  tbe  ms^Io  tigtial.  'SblB  oodulAtion  m«mA  to 
•rise  Cron  tbe  fact  that  the  ■aqpla  actually  had.  tiro  reaonaaoaa 
eotrra^pondisg  to  modos  of  vihratloa  In  tha  plane  of  the  ali|^  enma- 
ttire  of  the  aaiqple  rod  and  in  a  plane  pezpendic  t;,lar  to  thla  one*  fiM 
transfer  of  eneroy  between  these  coqpled  nodes  resulted  in  a  TaariiiMMl 
in  a■pliK^^*  TisA  resonant  freqpaeaciaa  usually  differed  aSMut  90 
althouid^  in  oob  sample  they  differed  by  lesa  than  By  yoaltlontig 

the  drlv-e  wire  one  resonance  could  he  accentoated  a^er  the  othsr.  Slaso 
the  separation  of  these  peska  was  very  nucb  greater  than  the  peak  w1Mmi« 
no  trouble  was  encount^n^ed  in  aeasit^ing  the  peak  shines.  The  nodnlaflaa 
(from  1  >  10^  of  the  sample  signal)  was  notre  troublesone  the  eloaer 
the  two  resouaxit  fi'equeacies. 

The  uncertainty  in  5  vaa  determined  espiricaUy  by  ohservatlom 
of  the  uncettainty  la  tse  slope  of  the  seal- log  decay  plot.  At  bwit  It 
was  abcTjit.  ±  20}  Jn  the.  worst  cases  it  was  abwct  +  55^- 

It  is  ass-'mec!  here  that  the  danping  laeas'nred  in  this  eaperlSMBt 
is  d^je  wholly  or  at  worst  priaaziJy  to  internal  friction  in  the  saivls 
netal.  The  possible  sources  of  dagplsg  other  than  processes  la  ^ 
saiple  are  the  s'jpport  and  the  atoosphere.  The  cmxtributioa  to  tha 
dasping  of  the  atoosphere  was  eliminated  experimentally.  Tha  dsmfiag 
measui-ed  with  one  atmoaphere  of  pressure  in  the  sample  chaadcmr  was  of 
the  fvrier  of  5  tines  the  damping  observed  at  a  presstire  of  10“^  ns  of 
merc'Ary.  Bo  change  In  damping  was  otbserred  between  pressures  of 
ard  10  m  of  mercury.  Measurenenta  of  damping  reported  here  wars  all 
made  at  pressmes  <  10**^  am  of  merc'nry.  The  support  daaping  vaa 
alnlmlEed  by  Timing  a  cemmnt  that  dried  to  a  very  hanl  brittle  atate^ 
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•sd  by  eldJBlmting  the  poeltlve  aealtettf  between  the  cement  and  the 
Maple  rod  m  deecribed  below. 

3.  Tenqpermture  Measfxremsst 

The  easuBptlon  was  made,  as  In  the  electrical  experlmeat,  that 
the  saapls  chaaiber  is  at  uniform  teapmrature  when  there  was  no  beam  la 
the  sample  chamber.  The  saople  teoperature  was  taJIren  to  be  eq[ual  to  the 
tesperature  of  the  sanple  base,  and  the  base  tenperature  was  measured 
using  a  platinum  reslsteuiee  thermometer  imbedded  in  the  base.  The 
resistance  themooetar,  supplied  by  Rosemount  Engineering  Ccsqpaay,  Is  la 
the  shape  of  a  cylinder  7/8  inches  long  and  1/8  inch  in  diameter.  The 
thermometer  mahes  a  tl^t  sliding  fit  into  Its  hole  in  the  baMj 
Aplexon-M  vacuum  grease  is  used  as  a  transfer  medium  between  the  thsp* 
anseter  and  the  copper  of  the  base.  Two  current  and  two  potential  leads 
are  brought  out  of  the  saaple  chasflwir  aad  the  thermaswter  resistaaee 
was  measured  using  the  same  resistance  measuring  apparat^js  dascrlhad 
earlier.  The  manufacturer  'a  raaistance  thermometer  caHbratlom  was 
decked  at  liquid  nitrogen,  dry  ice  and  ice  tea^hraturea.  The  random 
error  in  the  tenperature  measurement  vaa  negligible,  but  there  le  a 
possibility  of  a  small  aystematic  error  arlalng  from  a  difference  In 
tengperature  between  the  aample  and  the  aaople  base. 

Measurements  were  made  of  6  and  f^  for  tungsten  as  a  function  of 
tenperatTzre  between  77  and  300*C.  This  was  done  by  letting  the  cryostat 
warm  efter  all  the  liquid  nitrogen  was  evaporated.  There  la  erldnoa 
that  <aiider  these  oon-equilibrium  conditions  there  was  about  a  2*K 
syatematlc  difference  between  the  sample  and  the  base  tenperature,  the 
esjmple  being  at  the  lower  tesperature. 

All  irradiations  were  made  with  one  atmosphere  of  helium  gas  in 
the  sanple  chamber  to  provide  cooling  for  the  aanple.  All  measuresmnts 
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o?  6  9^o>1  fg  vh-'r**  niavi>*  at  p!'e8»''jres  <  nan  of  JOftrc-.tryo  The  punp 
i;»ed  to  ihe  region  hetirecn  the  Ine.Lde  aa»i  outeide  wallB  of  tbe 

f’i'yoe'fat  was  also  used  *^vac‘’Jat'?b  the  aaicple  cbaiii!'e:r  for  mechanical 
mftes’jremeat 8  o  axcB'?  when  the  aaagjle  chaiii!:.'er  at  one 

atrooBphere  was  <»''a<'  :a-’.>d  with,  the  sangple  r.hanibeT  at  llq^uld  nitrogen 
leragperar  Wh'=:-i  th-?  ootine''ting  the  saaqpie  cbanflter  to  the 

o.'yos'^a'^  ''ar/n..  s ^ s-t  »’ri  was  opened  the  teii!pf=Tat"j: *-  o.f  the  8a2iq)le  hase 
rose  .fi'om  Y9’^  '  o  8h'y,.t  i.yC''’K  ih.  about  2C  sfr'or,d5  aud  tii,en  dropped  to 
w.'i’'.h.ih  a  .ip^re<=8  of  79’^.  abo-^t  2  K-lrii/tp?., 

4^  f-antp.tP  Mc  .jrlhfJ  TechiiJ.que  for  Mecbaatya,'!  Misas'-cr aments 

*'•>  5amp:.-e  Holdeit ■»  The  sample  holde.T  as  shown  in  the 

pbo+;oeTaph  of  f.hr.i.r*  2€.  The  traasducer  hdJBcrpb  is  fixed  to  the  brass 
Basq^lst.  l  a  ir.e  following  va,/.  The  two  aj*.side  mstal  faces  of  the 

><,uamph  a?",  '■.‘..■.a.'rd  w:.*h  Wool's  metal  ovei  a  Sfie-Ll  a^ea  near  one  end  of 
‘b.»  h.lmorph„  joe  fa.'-  of  tf^e  bimoiph  is  theiv  solir-red  with  Wood's  metal 
■*■0  the  eanp'I-  bold":  a-'  the  proper  height  trcv;}  ■'he  has*  of  the  saqple 
hoLt'r.  Fleor  -  • -a.)  c toner' '.on  is  now  nal"  frOT  a.-,  ttp  ala"' ed  terminal  on 
the  samplr  bolie-T  ‘o  '■1'“  otb-^r  iTitside  '-.Imorph  Aft^er  a  thoroo^ 

. san  1  tig j,  the  scHe:i  .l  e?:id  ot  the  bimorpb  .is  <*’.'i,cl09e  1  .insulating 
Sauere.iseo  cemenv,  'fhe  reiaen'  le  then  baked  in  aif  for  1/2  hour  at  50*C, 
Tbe  h  fmorph  Ip  •'•b’tt  !no"iat^d  as  a  ''anti  lever  with  p.l*ct;r,1.cai.  v^onnectlOBS 
ava.lifihl''  to  ..'is  oils  lie  metal  faces. , 

'  ZL'L  MouBt.in&  Operation.  Th*  Ba;o^is  wire  is  c\it  to 

proj.*  ivofi-tr.  /-v,-  ?  foro)  on  a  flat  hardened  s'ee.i.  h  Lock  uplng  a  rasQtr 

bla.ir  ?rnrt  'bf®  point,  on  the  saamie  le  bandl'ri  'js.lne  a  mlcro- 

.;p-;.l8+or.  Fixed  to  the  mo'-Vols  head  of  the  manipulator  ts  a  device 
rK'r-  pr-r’  drs  s  tall  of  Ap.l*io;a*W  wax  s-jppt?r''‘''d  ly  a  sraalL  heater  coll. 
wa.x  ha’.i  ip  rlt-ber  Jlquld  err  fo.l.td  -leptiicl.! tiR  on  tl'e  position  of  an 


e.Jtt<e:rmI  switcA,.  F*?.*;  eiuig?Ie  wire  ia  cjidjgeA  to  edigis.  oS  the  ateel 
F^lock  and  oal^  enl  o:'  th.e  sao®.lia  da  tb*  pl.air.jg--  'Shm  saaple  Is 

ftea  LStti?;i  hor,l2,co'.«.L.y  off  tbie  Bt>eel  block.  Warkdrjg  iKaaftr  a  binociUar 
,  -t  b*.  ':<p<:.raf.c«r  caref'xlJ,ir  p.lARes  a  ve-ry  siisB,'t.l  ball  &f  AplezanF>V 
wait  oa  ■‘b“‘  sao/j*]*  la  titie  roJddlft  of  the  w::;re„  Tbils  ;is  'done  by 

6,"ll'di.zi^  a  mo  ilea  ball  x  was  off  the  ead  of  a  :oppc:,r  wiie^  (heated  with 
a  V.  '0.nto  the  froi^stea  aaap.le.  I>';,tr':l3ig  this  qperatlon 

the  p:;-_-k':'p  wa't  sofrer^  s.Ltfhtl/  and  tlie  sangp'be  1,5  no  loairer  exactly 
bon ^ortai„  7: re  maa! p  tlator  is  now  tfsmed  and  c  iangpel  &o  that  lAat 
was  premier i:  3r.l.*offltal  plaae.  l.s  now  ■^b.e  ti, cal.  plant.  The 

pi  .*8:4)  vaK  i.e  a*  ie  and  the  san^de  wire  ,  bf.i.i  bv  s'l/face  tension, 

p.l.oibi  ■"'i'.*  p'-opv^'i  8. 1 ! grjiiea* ,  la  this  x>oBlt.loi.,  a  small  soldering 
ixoa  'Ip  's  ..^'.a:  tr^:  wart  ball  la  of  th*  sample  rod, 

T.‘:e  bal.’  a.od  ti.'.les  dewn  the,  samp.ie  tod.  .s  8j.lowed  to  slide 

mf;.  1.  x  £-”.5  tc  a,'.-:-  .  ;  ■m  brean  the  fre^  e-»;l  of  rod  and  then  the 
heat  is  reroo'’-'' i this  end  i.s  (il,pped  into  cotifl:.j.r  ting  cement 

.^er "■  id.bX'- ;  ard  rb.e  s'?  t,,atl.c>/i  shrw.'r.,  '.rj  section  sketch 

of  2?  b’-tai.ns,. 

Vrw  '  '.e  na.''..,p';jia!..i!.r'  is  tc  ;  or  ,•>  loat a,'1  p.ljane  euid  the 

sampi*  hG,,,.i?r  ■:  taapel  bo  tbe  manlplLatar  base  .  The  blmorph  is  washed 
v:t>.  o’-  f ai.-eae  t.o  rein£y'''e  the  iia.nafa“'i'-'*r  ?  protect.lve  coating, 

the  llmo.rpb  .s  aw  psic'*!  wit-b  s  be-uiene  soltf  .iec  o^  Aplezon-W 
■»vpTv^i.,e  '■>  iuz  a  Erca.':.'  area  or.  the  free  end  of  fhe.  T3)eta.l  face  conxxscted 
e,';-i  -all.''  +0  the  sarrple  ho.lder.  ''tje  saBip.le  le  placed  in  position  on 

■.iui:.rpt..  w'l  *.r.  the  man.lp-ilator.  and  the  prepared  “cd  of  the  saaiple  is 
■’•nfed  t„c?  <  t'’  ” ’■ans'lerer  wi’li  Co.nd'’)';  +  a i'.' "  ,  rement  has 

ar.iened  ,  ( ‘i’  •’.akee  ax.c-.c  x'l  nii,a  tes  ‘•’o  s<^*  ’ ,  ’  ' p:  .  tup  wax  is  melted 
ax.d  ’be  pf'k  .p  "ra  ;  i  ;s  r erriO’-- d „  '^re  samp;."’  hoLV;-  wt  U.;  the  saop.le  in 
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In  f  Inee  is  mm  ylnecd  In  bnnsene  to  Tmmm  all  of  tbe  ^lesoorW  vox. 

It  is  unshed  In  ncetose  end  then  clsnn  alcohol.  The  sanple  holder  is 
then  haked  in  air  at  50*C  for  1/2  hour. 

This  technlfue  results  in  a  Joint  between  the  tungsten  and  tbe 
eosidactlng  ceneet  that  is  a  casting  of  tbe  wax  ball  that  was  slid  down 
the  tungsten  rod.  Since  the  bottoa  of  the  wax  ball  nakes  a  snail 
yesltlve  nenlscus  with  the  rod^  the  ceaent  loakes  a  snail  negative 
■enlscus  with  the  rod.  The  shege  of  the  cenent  casting  can  be  seen  in 
the  photogra^  of  figure  26. 

c.  The  Drive  Plate.  The  drive  plate  Is  nade  fron  nuniber  ^ 
copper  wire  rolled  flat  for  a  length  of  about  .2  laches.  The  flat 
pertlen  is  .001  laches  thick  and  about  .020  Inches  vide.  The  drive 
plate  la  seldexnd  direetljr  to  the  center  conductor  of  the  coaxial  eabls 
that  leads  fron  the  ssivle  chaaber  to  the  Junction  box  on  the  top  flange 
of  the  cryostat.  This  center  conductor  is  held  in  an  Insulating 
bushing  ceaented  to  a  brass  plate.  This  brass  plate  is  bolted  to  a  snail 
aaalpulator  which  provides  two  diaensional  Cartesian  notion  in  a  plane 
perpendicular  to  the  plane  of  the  sasple  rod.  This  notion  le  necessary 
to  bring  the  drive  plate  close  to  the  sas^le  end  to  rotate  tbe  direction 
of  the  drive  force  to  scceat^jate  one  of  the  two  saiqple  resonances. 

d.  Assembly  Procedige.  The  sarople  base  ts  first  soldered  to 
the  bottom,  of  the  coolant-  well  with  Wood's  metal.  Then  the  resistance 
thermooieter  is  slipped  into  place  and  connections  made  from  the 
thermometer  to  the  Jxjnction  box  on  the  top  flange  of  the  cryostat.  Tbe 
collimator  and  the  drive  plate  manipulator  are  bolted  to  the  base.  The 
coaxial  drive  cable  is  attached  to  the  Insulating  bushing  on  the  manipu¬ 
lator  emd  the  drive  wire  is  soldered  to  the  center  conductor  of  the  drive 
cable.  The  drive  plate  is  now  bent,  Into  position  roughly  parallel  to  the 


eoUlBator  face  and  about  .06  inches  avay.  The  drive  plate  is  than 
aoved  vlth  the  manipulator  as  far  avay  from  the  collimator  as  possible. 

The  sample  holder  is  bolted  in  place  with  the  saiig;>le  rod  parallel  to 
the  drive  plate  and  about  .04  Inches  from  the  collimator  face.  The 
sample  holder  is  positioned  so  that  the  cemented  end  of  the  sample  is 
Just  beyond  the  collimator  openlne.  Looking  through  the  collimator 
qpealng  in  the  direction  of  the  beam  the  only  thing  visible  are  the 
sanple  rod  with  the  drive  plate  behind  it.  Mow  the  sample  signal  cable 
from  the.  junction  box  Is  bolted  to  the  back  of  the  sanple  holder  with 
a  bracket  soldered  to  the  shiddof  the  cable.  The  center  conductor 
of  the  signal  cable  is  then  soldered  to  the  insulated  terminal  on  the 
sa]tg>le  holder.  Now  the  terminals  on  the  Junction  box  are  connected  hy 
coaxial  cables  to  the  measurement  apparatus  shown  in  figure  23.  The 
drive  plate  is  moved  to  within  .01^  Inches  of  the  sample  rod.  The 
mechanical  measiarement  apparatus  is  shown  asseoibled  In  the  photographa 
of  figure  28.  Tbe  saople  resonance  is  found  in  the  following  way.  The 
aaaple  resonant  frequency  Is  known  roughly  from  equation  (19);  the  filter 
is  set  to  pass  this  frequency.  The  gain  of  the  system  Is  turned  so 
that  the  oacllloscope  dlsplsys  mostly  the  electromagnetically  Induced 
y.F.Q.  frequency  f/2.  Now  the  V.F.O.  is  timed  until  a  signal  at 
freq;uency  f  appears.  This  is  the  sasple  signal  and  it  is  then  maximised 
by  tuning  the  V.F.O.  and  the  pass  filter. 

As  was  discussed  earlier,  two  resonant  frequencies  were  observed 
in  all  sample  studied.  At  this  point  in  the  assenibly  procedure  the 
drive  wire  is  moved  in  small  incrementa  to  accentuate  one  or  the  other 
of  tbe  two  resonant  frequencies.  Now  the  copper  sanple  can  la  tenqporarlly 
soldered  In  place  without  aluminum  foils  on  the  beam  vlndowa.  The 
cryostat  is  temporarily  assembled  without  the  Fsraday  cup  chaniber  and 
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without  the  xdekel  foil  on  the  beam  entrance  vindow.  The  alignment  of 
the  cryostat  beam  windov-aaople  collimator  system  is  checked  optically 
using  a  cathetoneter.  The  front  slits  are  set  in  position  M  'Umt  the 
beam  is  confined  to  an  area  smaller  than  the  vindoirs  but  larger  than  the 
colUmator  opening,,  The  positions  of  the  front  slits  are  marked  with 
scratches  and  the  slits  removed.  The  cryostat  is  disassembled  and  the 
three  beam  window  foils  are  mounted.  The  cryostat  is  then  assembled  and 
the  front  slits  set  in  place.  This  alisnnent  procedure  was  necessary 
only  once;  sanples  could  be  changed  without  realignment  as  long  as  the 
new  sangiles  were  placed  properly  in  the  collimator  opening,  and  the 
position  of  the  coilimator  remained  unchanged. 


III.  m  noRor  immmmx  at  mamaiGs  banaoi  im  tomsiii 


A.  Results 

The  aetbod  used  for  studying  the  energy  dependence  of  rsdletlea 
g*  in  tungsten  is  shown  scheaetlcelly  In  the  ezaggersted  sketch  of 
figure  29.  The  two  smooth  curves  ere  dsmsge  curves^  (plots  of  the 
freetlooel  change  In  electrical  resistance  as  a  function  of  Integrated 
Incident  deuteron  flux),  for  two  incident  energies.  The  eaq^ctatlon  of 
the  non-linearity  of  these  damage  curves  is  based  on  pvibllshed  damagw 

aji 

curves  for  deuteron  irradiated  copper*’  ,  and  neutron  irradiated 
tungsten^^.  The  resistance  change  In  tungsten  was  measured  for  small 
Increments  of  incident  flux,  alternating  between  two  Incident  energies. 
An  example  of  these  data  is  shown  in  figure  30.  This  ]niot  shows  the 
change  in  the  slope  of  the  damage  curve  with  a  change  in  the  incident 
energy.  The  slope  (a)  of  the  damage  curve  is  defined  as 


m. 

d^ 


(21) 


where  R^  is  the  umirradlated  tungsten  sample  resistance  at  19?*K,  and 
f  Is  the  Integrated  incident  deuteron  flux.  Based  on  a  series  of  short 
Irxmdlatlons  such  as  thoee  of  figure  30,  the  dependence  of  a  on  ^  was 
measured  for  incident  energies  ■  13.7  mev  and  Eg  »  10. 3  mev.  These 
data  are  shown  in  figure  3I.  Let  us  number  the  msaeured  damage  slopes 

of  figure  31  MJ  ■3(20)^  . ■i-l(2o)>  "‘iC^g) . 

Then  we  may  define  the  ratios 
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since  the  sloipe  of  the  daoege  curve  deerenees  with  0  end  therefore  vlth 
the  index  1,  should  nlvsys  be  greater  than  7_.  We  may  nov  define  a 

ratio  7^  v^ch  is  Just 

^  2fetiv  . 

2  2 

The  data  of  figure  31  are  expressed  in  terns  of  7^  ^  ^  sraph  of 
figure  32*  The  frequency  distribution  of  these  ejqperlnental  values  of 
7  is  shown  in  figure  33*  frm  the  average  and  the  standard  deviation 
of  this  distribution  we  get  that  a(l2)/B(BQ}  -  1.43  t  .02.  This  value 
is  in  agreenent  with  an  earlier,  less  precise  neasurenent  of  this  ratio, 

l.e.  n(lj)/k(lo)  -  1.45  i  .05. 

The  radiation  effects  data  shown  in  figure  30  and  31  were 
adjusted  to  show  the  shape  of  the  overall  danage  curve  for  incident 
energy  1^  using  the  known  value  of  B(B2)/ii(Bo).  This  corrected  danage 
curve  is  shown  in  figure  34. 

Still  using  the  sane  sanple,  the  slope  n  was  naaiured  as  a 
fonctiOB  of  p  between  incident  energies  B^  and  B^^  ■  12.1  nsv.  iUi 
eragple  of  these  dansgs  evrees  is  shewn  in  figure  33*  Measured  values 

of  K  as  a  function  of  p  for  emrgles  B^  and  Bj^  are  shown  in  figure  36. 
The  ratio  7^  is  defined  as  before  for  incident  energies  B^  and  Bj^.  The 
values  of  7^  detemlned  fron  the  data  shown  la  figure  36  are  given  in 
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flgore  37*  The  frequency  dlstrlhutlon  of  7^  is  shown  in  figure  3^. 
froB  the  evemge  and  the  standard  deviation  of  this  dlstrlhutlon  ve  get 
that  -  1.16  ±  .01. 

The  experimental  val\ies  of  m(E)/m(EQ)  are  plotted  In  figure  39 
as  a  function  of  E/E^.  The  theoretical  curves  of  figure  39  a^re  based  on 
the  theory  of  defect  production  outlined  In  the  Introduction,  with  the 
assumption  that  m(£)/m(EQ)  =  a(E)/o(£^).  Curve  (a)  is  drawn  for 
o(E)  a  04(E),  where,  from  equation  (6),  00c  1/E.  Curve  (b)  Is  drawn 
for  o(E)  a  a4(E)v(E),  where,  from  equations  (6)  and  (9), 

O  oc  (l^)(l  4-  in  4  Both  the  theoretical  curves  of  figure  39 
include  a  correction  of  about  3^  In  the  ordinate  for  the  degradation  la 
deuteron  energy  in  passing  through  the  sample.  Since  the  Incident 
deuteron  energy  is  degraded  by  about  2  mev  in  passing  through  the  .0015 
inch  diameter  tungsten  wire,  and  since  the  cross  section  for  producing 
^ects  goes  roughly  as  1/B,  a  greater  resistance  change  is  expected  at 
the  back  at  the  sample  wire  than  In  the  front.  In  Appendix  1  the 
la  resistance  of  the  sample  is  confuted  for  a  given  Incident  energy  and 
energy  loss  In  the  sanple.  The  effective  energy  E^  is  defined  as  the 
energy  a  deuteron  would  have  to  have  to  produce  this  same  resistance 
change  If  no  degradation  in  Incident  energy  took  place.  The  effective 
energy  E^  Is  related  to  E  and  the  energy  loss  In  the  sample  in  Appendix  I. 
The  theoretical  curves  of  figure  39  were  based  then  on  o(E)  oC  1/E^  In 
curve  (a)  and  a(E)  oc  (l/E;f)(l  +  in  ^  E^)  In  curve  (b).  The  energy 
losses  were  computed  using  published  Rauoge-Energy  tables^^.  The  range 
of  the  tungsten  sanple  was  expressed  In  terms  of  its  mass  per  unit  aurea. 
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The  energy  loss  for  this  range  was  read  from  the  tables  for  lead.  The 
uncertainty  In  determining  the  energy  loss  in  the  sasgple  is  estimated 
to  be  about  ±3$, 

During  irradiations  the  sample  temperature  rises  varied  between 
4  and  10**K^  and  were  proportional  to  beam  intensity.  Measurements  were 
made  with  a  range  of  beam  Intensities  from  4  to  10  x  10^^  deuterons/sec/cm^. 
No  obvious  indication  of  an  effect  of  beeun  Intensity  on  the  peirameters 
meas\zred  was  detected,  although  no  systematic  investigation  of  this 
effect  was  made. 

The  energy  dependence  of  radiation  damage  in  tungsten  observed 

36 

by  Bearlsteln  et  al*^  is  given  in  figure  to.  In  this  graph  Pearlsteln's 
data  sure  coopeured  with  an  extrapolation  of  the  data  reported  here.  This 
extrapolation  is  based  on  an  approximate  description  of  our  data,  namely 
moc  1/B.  It  was  necessary  to  correct  our  data  to  be  conanensurate  with 
Pearlsteln's  results.  Pearlsteln's  data  were  taken  with  bonbardlng 
protons,  where  ovirs  were  taken  with  deuterons ;  his  results  are  quoted  in 
terms  of  fractional  changes  of  room  temperature  resistemce,  where  ours 
are  given  in  terms  of  resistance  at  19.'7'’K.  It  can  be  seen  frctn  equations 
(4)  and  (6)  that  protons  of  a  given  flux  and  energy  will  produce  1/2 
the  damage  produced  by  deuterons  of  the  same  flux  and  eziergy.  (Note 
that  in  equation  (4)  is  essentially  one  for  protons  and  two  for 
deuterons.)  The  fractional  change  in  room  temperature  reslsteuxce  was 
taken  to  be  2/3  the  fractional  change  of  resistance  at  19?'’K,  Just  the 
approximate  ratio  of  the  resistances  of  tungsten  at  19^°K  and  300”K. 

J.  J.  Han/ood,  H.  H.  Haxisner,  J.  G.  Morse,  W.  G.  Ranch, 

The  Effects  of  Radiation  on  Materials,  Reinhold  Publishing  Co..  New  York. 
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Our  data  for  mfE)  were  therefore  multiplied  by  a  factor  of  1/3  to  get 
the  extrapolat  ion  shown  in  flg’ire  4o, 

B.  DlscussJon  of  the  Energy  Dependence  Results 

The  general  shape  of  the  damage  c’irve  for  tungsten  reported  here 
(fig’jue  3^,'  IE'  in  agreement  with  data  reported  by  Me  W,  Thonipson-^^  for 
neutron  irradiated  timgsten.  It  should  be  noted  from  the  data  of  figures 
(31)  and  (36^  that  there  was  no  linear  region  In  the  damage  C’lrvte  near 
the  origin  that  was  detectable  with  this  experiment,.  For  integrated 
flux  out  to  h  X  10^^  deuterons /cm^  nc  ind'.ration  of  saturation  of  the 
damage  curve  was  obserwed.  The  lack  of  linearity  near  the  origin  indi¬ 
cates  that  '.a;  some  sort  of  annealing  is  taking  place,  and/or  (b)  some 
sort  of  in+erartion  of  defects  Is  taking  place,  so  that  the  resistance 
change  Is  not  proportional  »he  rota!  number  of  radiation  induced 
defects. 

For  =  l^"?  mev,  the  'talue  of  from  equation  <6}  1? 

-  '? 

=  1..  15  X  10  ''  cm  ■  The  first  tvg  exper tmentai  points  of  flgrjre  31 

for  Eq  show  a  10^  change  in  damage  '.iopc-  for  an  incident  flux  of 
,5  X  lO*^  deuterons/'-m^.  The  vol'jme  ienelty  of  primaiv  knock.-on 
interstitials  Is  Np  =  where  n^^,  the  number  of  tungsten  atoms 

per  unit  vobame,  hi"-,  the  '’■alue  .62  x  10^'^  cm"-  Oar  first  measured 
slope,  where  the  slope  seemR  already  to  depend  on  'h.  corresponds  to 
Np  =  3’. 5  X  10  cm' t  If  these  primary  knOv'k'On  colileicns  a.re  dis¬ 
tributed  linlfomly  fhrc’jgh  the  lattice-,  then  their  average  spacing  is 
about  S'?  /'■  o.r-  ':0  lati.  if'c  spne : ngs  rn-luelon  of  the  knock-on  progeny 
would  make  the  u-’erage  defect  spperation  about  12  lattice  .spacings, 

^^oj^  t  ,  M,  W,  T  bo(rij>£.ou  - 


The  closeness  of  rsdletlon  Induced  defects  even  for  our  lightest 
irredlatlons  supports  the  interaction  hypothesis  suggested  in  (h)  of  the 
preceding  paragraph. 

The  results  of  the  energy  dependence  investigation  are 
siosnarized  in  flgiire  39.  If  the  assusptlon  that  ]ii(E)/ia(EQ)  »  a(E)/a(Eo) 
is  valid^  then  these  data  shovr  that  0  varies  almost  as  l/B  for  the 
conditions  of  this  experiment.  From  the  theory  of  defect  production 
outlined  in  the  Introduction,  we  get  that  o  =  o^v,  and  that  0^  oC  l/E. 
Therefore,  we  may  conclude  that  axiy  mechanism  proposed  for  secondary 
defect  production  would  have  to  have  a  weak  incident  energy  dependence 
when  averaged  over  a  coulomb  recoil  spectrum. 

The  small  deviations  of  the  experimental  results  from  the  l/E 
coulomb  energy  dependence  (figure  39)  ete  about  twice  the  experimental 
error  and  in  a  direction  opposite  to  that  predicted  by  the  hard  s]^ere 
model  yield  function  energy  dependence.  It  should  be  noted  however  that 
no  attempt  was  made  here  to  include  in  the  theoretical  curves  the  effect 
of  thermal  spikes  on  the  hard  sphere  yield  function.  The  thermal  spike 
is  the  result  of  a  high  energy  knock-on  atom  making  a  series  of  glancing 
hard  sphere  collisions  with  lattice  atoms  neeur  the  end  of  its  trajectory. 
These  collisions  transfer  energies  less  than  E^  to  the  lattice  atosu  and 
result  in  a  large  tenperature  rise  in  the  region  around  the  end  ot  the 
primary  atom's  trajectory.  These  thermal  spikes  may  produce 
of  displaced  atoms. 

The  function  do^/cffi  is  given  in  equation  (3).  This  function  is 
shown  in  the  sketch  of  figure  4i  for  incident  energies  E^  and  E^^,  where 
Eq  >  Ej^.  From  equation  (5)  the  cross  section  for  production  of  primary 
knock-on  atoms  is  the  area  under  this  curve  between  and  Tjj^,  Higher 
energy  Incidents  produce  fewer  knock-ons,  but  produce  a  larger  fraction 
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at  hUl^  •aargjr  kxiock«onf.  Qwrefon  va  foqpact  aor*  radiation  amiaalliig 
froa  hi^  aoargy  Iscldeat  partielM  thui  from  lov  energy  iacideate. 
Koehler^,  using  detailed  data  1>y  Corbett  at  al^  on  lov  teqpesatore 
annealing  of  electron  induced  radiation  daaage  in  eoroer,  baa  corrected 
the  aiavle  hard  apbere  yield  function  for  the  annealing  effect  of  thexwJL 
splkea.  SlJBllar  detailed  data  for  tungsten  vould  be  required  to  aake 
such  corrections  here.  Such  data  is  not  ayailehle;  ve  can  only  say  that 
these  correctlona  vould  tend  to  isfrove  agreenent  between  the  theory  and 
experinent  of  figure  39. 

The  change  in  electrical  reslstaxice  of  the  irradiated  saaple  is 
a  function  of  the  nuBher  of  radiation  Induced  defects  H.  He  any  relate 
a  to  0  by  vriting 

.  ii£i2o  .  igii} .  ) iMsi  a  . 

'  '  o  d0  '  '  ®  dH 
Since  H  oc  00,  this  reduces  to 

a 

The  assx^ptlon  that  m(E)^(EQ)  «  o(B)/o(E^)  then  reduces  to  the 
assiiVtion  that  d  dE(H}/dH  is  ind^endent  of  Incident  energy.  He  expect 
that  this  term  may  have  boob  dependence  on  the  Incident  energy  in  the 
following  way.  The  reslstaxice  change  for  a  given  nusiber  of  defects  will 
depend  on  the  nature  of  the  defects.  For  example,  two  radiation  induced 

. .  ■  '  ■ " 

^J.  S.  Koehler,  Bull.  Am.  Phys.  Soc.  ^  175  (i960). 

^J.  W.  Corbett,  R.  B.  Smith  and  R.  M.  Walker,  Ihys.  Rev.  Il4. 
1^52,  l460  (1959)°  Jo  Corbett  and  R.  M.  Walker,  Rtys.  Rev.  1157  W 
(1959). 
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vmcaneles  might  be  expected  to  scatter  conduction  electrons  dlffeirently 
depending  on  whether  they  exist  widely  separated  or  close  together.  The 
axrangement  of  the  defects  might  be  ea^pected  to  depend  on  the  energy  of 
the  knock-on  atom  which  gave  rise  to  these  defects.  It  has  been  found, 
however,  that  the  electrlcsil  resistance  change  per  defect  In  copper 
differs  only  by  a  factor  of  2  between  Irradiation  by  1  mev  electrons  and 
10  mev  deuterons^^.  Since  1  mev  electrons  are  barely  able  to  create  dis¬ 
placements  by  head-on  collisions,  these  defects  axe  known  to  be  Isolated 
from  one  another.  This  Is  In  contrast  to  the  clustering  of  defects  we 
are  concerned  with  for  Irradlatloi  by  10  -  l4  mev  deuterons.  Therefore, 
we  do  not  expect  d  ^(N)/dH  to  have  a  strong  incident  energy  dependence 
cosqpared  with  a(E)  over  the  range  of  energies  st\idled  here. 

Our  results  in  the  10  -  l4  mev  range  of  incident  energy  show 
the  expected  l/E  dependence  for  the  radiation  damage  slope.  This  is  In 
contrast  to  the  results  of  Fearlsteln  et  ^  shown  In  figure  4o.  The 
extrapolation  of  our  data  from  lU  mev  to  hundreds  of  mevs  cannot  be 
relied  on  quantitatively,  but  it  is  of  heuristic  value.  The  extrapblatlon 
of  the  1/E  dependence  shows  that  in  the  100  -  400  mev  range  the  contri¬ 
bution  of  coulomb  scattered  knock-on  atoms  to  the  resistemce  change  In 
tungsten  Is  expected  to  be  small  coe^ared  with  the  resistemce  change 
observed  by  Fearlsteln.  It  Is  eagpected,  then,  that  the  large  effects 
seen  by  Fearlsteln  are  due  to  some  mechanism  other  them  elastic 
collisions  vlttx  the  Incident  particle.  Our  results  then  support 

value  of  1.^^  ohsHcm/at.  ^  defects  was  deduced. by  Corbett, 
Denny,  Fiske  and  Walker,  Fhys.  Rev.  Rev.,  lOS.  9^4  (19^).  A  value  of 
S.OjLi  ohm-cm/at.  ^  defects  was  deduced  by  ka^nison,  Falmer  and  Koehler, 
Fbys.  Rev.  109.  1990  (1953)  for  10.7  mev  ^uteron  bombardment  of  copper. 
Magnuson  et  al  used  data  by  Copper  et.  al^  and  R.  W.  Vook  and  C.  A.  Wert, 
Ibid.  1529  (1958). 

■^4 

2E»  £11*#  Oopper  et 


PMarlstelA's  conclusion  sbont  the  predominant  effect  of  aoclesr 
spallations  for  100  -  400  nev  proton  honibsrdnent  of  txmgsten. 


IV.  EFFECTS  OF  RADIATION  ON  THE  MECHANICAL  HROiTOTIES  OP  TUNGSTEN 

A.  Results 

1,  The  Pre- Irradiation  Bordoni  Peak. 

The  results  of  ineasureroents  of  6  as  a  function  of  temperature  on 
four  unannealed  txingsten  samples  are  shovm  in  figure  42.  Althou^^  the 
detailed  shape  of  6(T)  varies  from  sample  to  sample^  the  characteristic 
peak  at  about  l^O^F;  is  quite  reproducible.  The  peaks  widths  are  '^60*K, 
and  in  fact  seem  to  be  made  up  of  two  'inresolved  peaks^  the  principal 
one  at  l4o^K^  and  a  secondary  peedi:  at  100 '^K.  In  terms  of  the  peak  widths 
and  peak  temperatures,  these  results  are  similar  to  results  obtained 
for  face  centered  cubic  metals^.  Measurements  of  6(T)  for  several  body 
centered  cubic  metals  have  been  made  very  recently  by  Chambers  and 
Schultz^^.  They  observe  a  peak  in  6(T)  for  cold  worked  polycrystalline 
tungsten  at  atout  170'’K  and  15,000  cps.  Their  peak  height  In  6  is  about 
1.5  X  10'^  conpared  with  our  peak  heights  of  from  .7  to  1.0  x  10*^. 

Figures  43  and  44  show  6(T)  measured  here  at  the  fundamental  and 
the  first  overtone  fTeq-^ncies  for  two  samples.  If  the  peaks  In  6(T) 
observed  here  and  by  Chambers  and  Schultz  are  the  result  of  a  relaxation 
process  with  a  single  activation  energy,  then  the  freq[uency  of  'msMure- 
ment  and  the  peak  temperatiare  will  be  related  by  equation  (iB). 

Figure  45  shows  the  experimental  results  of  figures  42,  43  and  44,  along 
with  the  meas'xrement  of  Chambers  and  Schultz,  plotted  Eis  Inf^  vs  1/lpeak* 
A  fit  of  these  data  to  the  relationship  of  equation  ( 18)  gives  ajx. 


^op.  cif . ,  For  a  review  of  this  work  see  D.  H.  Niblett  and 
J.  Wilks,  Adv.  in  Pbys.  9*  ^  *,1960). 

IS 

•  cp.  cit. ,  R,  U.  Chambers  e_t 
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activation  energy  E  -  .2.1  +  ev,  and  an  attempt  frequency 
A  fi*:  1.5  Y  10  cpe  . 

2.  The  Effect  of  .IrracLltlon  at.  300'’K  on  Internal  Frict.lon  and  Young's 

Modulus 

Figure  46  shows  '^h'^  effect  of  a  room  temperature  irradiation  of 
2  X  ,10^"  deuterons/cm^  on  the  teiaperat.ure  dependence  of  6  for  tungsten 
sample  MW8.  These  oa,ta  were  observed  at  the  fundamental  resocsuxt 
freqtjencv.  The  he.:ght  of  the  pre- irradiation  Pordonl  peak  has  been 
reduced,  and  a  ser  ies  of  four  pmalier  ,  sharper  peaks  have  appeared.  The 
post” irradiation  meae  xreroents  of  6!T)  for  sanrpie  MW8  made  at  the  funda¬ 
mental  and  the  first  overtone  frequencies  are  coinpared  in  figure  kj. 

The  fcrir  peak.s  ,ln  the  first  o^'ortone  da '.a  are  shifted  to  higher  peak 
temperatures  by  w,>,t.h  rcspert  to  fhe  peaks  ot-served  at  the  funda¬ 

mental  frequf,n.cy.  The  first  overtone  pea.V,  TIT  is  almost  an  order  of 
magnitude  h.igher  ttian  the  other  .inter eg-;  fri'-t,jor  peaks.  Figure  48 
shows  a  detail  of  peaii,  !J.:  at  the  first  ovc-rroae  frequency  for  several 
values  of  maximum  v.Mb,raT.iona  1  amplitude;  «9  gives  slmi.laur  data 

for  peak  11.!  at  the  fundaraeotad  freq^enrv.  .Pigixe  5<-'  compares  the 
pre-lrradtation  roeas .<rement.s  of  6!T^  ror  sample  MW'^  with  6(T)  observed 
after  a  room  temperature  irradiattoo  of  8  x  10 deuterons/cm^.  The 
data  of  fijoire  '>0  were  taken  at  +he  f’jndamentad  frequenryo  Note  from 
figure  42  that  the  height  of  the  Borioni  peak  for  MW9  is  .7  x  10"3 
oompared  w,ith  ,.9  x  for  MW6..  ,T.n  this  case  t,b.e  pre- Irradiation 

Bordonl  peak  is  not  reduced,  tut  is  broken  up  Into  sharper  peaks  as  was 
observed  for  MW8.  The  pre-i: radiation  Bordonl  peak  for  MW9  is  cosgpaired 
with  the  post-irraliation  iDeaeuT<=n'ent  ?  of  l.nrernal  friction  for  the  first 
overtone  frequency  cn  figure  5i.  Here,  the  'radiation  has  reduced  the 
original  Bordon.l  peak  height...  In  this  plo+  there  is  more  fine  structure 
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than  had  heen  observed  in  bnt  there  are  four  major  peaka  that  can 
be  identified..  Figure  .52  shove  a  caogparleon  of  the  post^lrradlatlon 
data  for  6(T)  of  MW9  at  the  fiindamental  and  the  first  overtone 
frequencies,  A  coDq>arison  of  the  post- irradiation  data  for  d(T)  of 
samples  tWS  and  MW9  at  the  fundamental  frequency  is  shovm  in  figure  53 j 
a  similar  comparison  Is  made  for  the  first  overtone  frequency  in 
figure  5^»  The  very  large  height  of  peak  III  observed  in  MW8  vas  not 
reproduced  in  MW9„ 

Meas’jrements  were  also  made  on  MM8  and  MW9  of  6  and  f^  as  a 
fijoction  of  Integrated  deuteron  flux  at  room  tenperature.  Figure  55 
gives  6  and  the  percentage  change  in  resonant  frequency  as  a 

function  of  fltix  for  MW8,  The  internal  friction  decreases  and  the 
elastic  modulviB  increases  with  Incident  flux,  the  effect  saturating  at 
about  1  X.  10  deutcrons/cm^.  Similar  data  for  MW9  are  shown  in 
figure  56,  The  effect  of  extended  irradiation  on  6  and  Af^/f^  is  shown 
for  sample  MW9  in  figure  57.  The  saturation  value  of  internal  friction 
is  unaffected  by  extended  Irradiation,  but  starts  to  drop  off 

linearly  with  incident-  flax  for  0  >  1  x  10^^  deuterons/ou^.  The  slope 
of  this  high  flux  curve  for  ^fj/f,-,  is  ,01156/10^^  deuterons/cm^.  From 
equation  {20)  we  get  that  the  rate  of  change  of  with  incident  flux 
would  be  Jusr  twice  this  value  or  o022?6/lo'^  deuterons/cm^, 

3.  Irradiation  at  79*K  and  the  Effect  of  Annealing  on  Internal 
Friction 

Ten  measurements  of  d  and  were  made  on  sample  W6  at  79*K  as 
a  function  of  incident  flux  i;p  to  a  flux,  of  1  x  10^^  deuterons/cm^.  SO 
change  In  6  or  was  detectable  with  o^or  apparat^is  for  this  amount  of 
bombardment.  Subsequent  to  this  irradiation,  6(T)  was  measured  for  W6 
as  the  sanple  annealed  to  room  teaperat’jre.  These  data  are  coopared 
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with  the  pre-irradlatioa  and  post  axuaeal  taqperature  depexideneei  of  6  In 
figure  580  It  iB  of  int-ereet  to  note  that  the  stnicture  present  In  6(T) 
during  the  anneal  is  not  present  either  before  irradiation  or  after  the 
saiaple  had  warned  to  room  teaqperatiire.  An  attempt  was  then  made  to 
repeat  this  eaqjerjinent.  Sample  MW9  was  given  an  unintempted  irradi¬ 
ation  of  2  X  10^^  deuterons/cm^  at  79*^»  Meas’xrements  of  6  were  then 
made  as  the  sample  weinoed  to  room  temperature.  The  measured  values  oC  6 
during  the  anneal  are  coopared  with  the  pre- irradiation  curve  for  6(T) 
in  figure  59«  Sample  Mtf9  remained  at  room  temperature  for  2h  hours  and 
then  5(T}  was  measured  s^ibsequent  to  the  anneal.  These  post^anneal 
data  are  compared  wi.th  the  pre-iiradiatlon  data  for  6(T)  in  figure  60. 

The  generaLly  large  Internal,  friction  and  the  tenperatijre  dependent 
structure  of  this  jlnte’*»>al  friction  observed  during  the  anneal  of 
irradiated  sample  MH9  were  no  longer  present  after  wstrm  vp  to  room 
temperature. 

k.  The  Temperature  Dependence  of  the  Resonant  Frequency 

Meas'orements  cf  were  made  simultaneously  with  measurements 

of  6(T).  a  typical  curve  for  t^(T)  is  shown  in  flpire  6I.  The  slope  of 
f^T.)was  reproducible  for  a  given  sample  to  about  tor  both  the 
fundamental  and  first  overtone  frequencies.  The  average  slope 
d(^^fQ)/dT  for  the  fcror  seuples  studied  was  .50  x  10“  ^/®K,  with  a 
maximum  deviation  of  abo»it  This  gives  a  value  for  l(Ay/r)/®  for 
tungsten  between  79  end  300’K  of  ,96  x  1,0” V®K  with  a  percentage  error  of 
i  hji.  (The  coefficient  of  thermal  expcuosion  contributes  ,04  x  10"^/*K 
to  the  measured  val’Jte  of  d(Afp/fo)®)» 

No  provlBlon  was  made  In  the  measurement  of  mechanical  properties 
aui  a  function  of  irradiation  for  direct,  observation  of  the  sample 
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temperature  irxadja^iono  Since  the  sample  diameter  vas  the  mm 

as  it  was  in  the  inpa.s’Tcrejne.at  of  electrical  reslstancej,  and  since  hoth 
irradiations  were  carried  o>jt  In  one  atmosphere  of  hellima^  it  vas  assvned 
that  the  same  temperatiire  rises  were  experienced  for  a  given  'beam  Inteasl' 
ty  in  both  cases o  It  was  possible,  howe-^'er,  to  esl.imate  the  saiople 
temperature  r  ise  d’tr  ing  irTadlat  lon  with  the  me.chanical  measurement 
apparatiiis  in  the  following  way.  The  val‘je  of  fQ  was  measured  both  with 
and  withcr*it  irradiation.  Proo  tne  known  value  of  temperature 
coefficient  of  the  temperat’ue  of  the  eanpie  was  then  computed.  This 
provided  only  an  esT.imate  hecause  caai.d  net.  he  determined  with  as 
much  precielou  as  it  covld  with  nc  team  In  the  sample  chamber.  The 
sample  •^tltrataon  eijt.ia,i  was  partiaLJi/  obscured  when  the  beam  was  in  the 
sanple  chamber  by  pick.-'jtp  cf  ■*he,  direct  drjvitw  signal ;  this  occurred 
probably  bec.a-i&e  the  ioniied  gas  provided  a  conducting  path  between  the 
drive  plate  and  the  saaple  wire.  The  rse'ilt.  of  this  estimate  agreed 
with  the  tenperat’jre  rises  measured  in  the  e.lec.fc'ical.  resistance 
experiment. 


P,  Disciission 

It  la  helpf ol  in  interpreting  and  understanding  the  results 

presented  here,  on  the  effect  of  ixra>liati<ai  on  the  mechanics^,  properties 

of  tungsten,  to  know  something  aho'.it  the  tenperature  at  which  raidlatloa 

induced  defects  become  mobile.  Studies  of  radiation  induced  defect 

lin 

annealing  have  been  made  for  tijngsten  by  Kinchin  and  Thonpson  .  Their 
results  show  a  very  cocplex.  annealing  tenperatute  spectrum  for  defects. 

In  spite  of  this  complexity,  their  iiKasureiiientB  lead  to  the.  foLloviag 

Kincbdn  and  M.  W.  Tbonpson,  ■/.  If'rclea.r  Energy  6,  2T5  (195®)» 
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hypothesis.  Inter stltiale  s+»rt  becomlnf;  mobile  at  about  80®K,  eusd  are 
eseentialiy  gone  at  vhlle  vacancies  anneal  out  at  abocst  600®Ko 

This  would  mean  that,  for  tungsten  at  79“!^,  radiation  induced  inter¬ 
stitials  are  barely  mobile,  and  radiation  induced  vacancies  axe  frozen 
into  the  lattice.  For  mngeten  at  '^0O'’K^  ’•adlatlon  induced  Inter¬ 
stitials  art-  compiet'^lv  mobile  and  presumably  migrate  to  sinks  such  as 
dislocation  lines,  while  vacancies  are  still  immobile. 

1„  The  Pre-  Irr  adiat  ioQ  Bor  deni  F-'alt 

The  data  of  figures  42,  43  and  44,  along  with  the  meas'’rrement 
by  Chamberp  and  Schiltz^^^  «=-s^abiisfc  the  existence  of  a  peak  in  the 
temperature  dependence  of  internal  fricTion  in  tungsten.  The  association 
of  a  r^laiianon  phenomenon  vlfb  the  observed  peak  is  based  on  the  de¬ 
pendence  of  pfQi'  t;v|,,pf>-ratt5je  on  frequency  shown  in  flg'jre  4^.  The  fit 
of  the  dafa  ot'  fig-ire  '*3  %  single  act -.Tar  ion  SGerfr/-  re'iAxatlon  model 

is  much  better  than  a  8im,nar  fit  for  ropper^^. 

Not  all  of  -the  properties  of  Bordoni  peaks,  summarized  for  face 
centered  cubic  metals  on  pages  8  and  9  of  the  Introduction,  were 
inves-^lgated  for  th*^  tungsten  peak  reported  here,  The  effect  on  the 
relaxation  peak  in  tijrmsten  of  the  polycrys-talllne  state  of  the  sample, 
the  cold  work  histerry  of  the  sample,  and  the  ingiurlty  content  of  the 
sample  were  not  investigated.  Pre-lrradlatlon  meas'irements  of  6(T)  for 
tungsten  were  made  here  for  several  •'’•a lues  of  strain  ampllt’ode  In  the 
rsuage  “v  x  10*'  to  x.  10“'^,  No  -bange  la  6(T1  was  observed  for  these 
strain  amplitudes.  This  range  of  strains  was  chosen,  however,  such  that 

^^op,.  c It ■  ,  P.  F,  Chambers  ^  al., 

^^Composlte  values  of  H  and  A  based  on  the  work  of  several 
investigations  are  given  in  referenre  9,  p..  27. 
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ao  strain  amplitude  dependence  of  6  and  vas  observed  at  79”K  and  300*K» 
Wbat  has  been  found  for  copper^  for  example.  Is  that  for  strains  largs 
enough  to  Increase  the  background  friction,  no  change  In  the  helcpit  of 
the  Bordoni  peak  relative  to  the  background  is  observed.  This  behavior 
vas  not  investigated  for  the  tinagsten  peak.  The  association  made  here, 
of  the  Bordonl-dls locate on  relaxation  model  proposed^  for  face  centered 
cubic  metals,  with  the  peak  in  5(T)  for  tungsten,  is  based  on: 

(a)  the  existence  of  the  peak,  (b)  the  peak  teiiperat\ire  shift  with 
frequency  change,  and  (c)  the  reduction  in  peak  hei£^t  by  irradiation. 
This  latter  effect  is  dlsciissed  the  next  section. 

2.  The  Effect  of  Room  Tenperature  Irradiation  on  the  Bordoni  Peak. 

The  effect  of  room  tenperature  irradiation  on  d(T)  In  tungsten 
vas  shovn  for  samples  MVS  and  in  figures  46,  ^0  auad  51.  In 
figure  46  ve  see  an  appreciable  reduction  in  the  Bordoni  peak  heli^t  and 
the  appearance  of  some  nev  structure  in  5(T)  for  MfS  after  cm  Irradiation 
of  2  X  10^  deuterons/cm^.  Sample  1*9  vas  subjected  to  a  flux  of 
8  X  10^  deuterons/cm^.  Figures  50  and  51  shcv  the  effect  of  this 
irradiation  on  the  Bordoni  peak  observed  at  the  fundamental  frequency 
and  the  first  overtone  frequency  respectively.  There  is  a  reduction  in 
the  peak  height  for  the  first  overtoae,  but  none  for  the  fundamental. 

As  vas  true  for  the  pre- Irradiation  curves  of  6(T),  the  post* irradiation 
curves  of  d(T)  reproduce  for  different  sasples  in  general  shape,  but  not 
in  detail.  The  variations  in  both  the  pre-  and  post- irradiation  resiilts 
probably  arise  from  the  fact  that  little  attempt  vas  made  to  control 


9qp  cit. ,  D.  H.  Nlblett  et  al. 
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the  cold  vocrk  state  of  the  sasg^les.  The  sauries  were  not  annealed* , 
and,  althou^  they  were  handled  with  reasonable  care,  they  did  get 
stnlned  in  preparation.  Hence  the  cold  work  Induced  dislocation  density 
could  vary  widely  In  the  sauries  studied. 

The  fact  that  the  reduction  in  Bordonl  peak  height  of  MWS  wais 
not  reproduced  for  the  fundamental  frequency  in  HW9  Is  a  little 
surprising.  If  radiation  induced  interstitials  are  mobile  at  300"K,  and 
they  do  migrate  to  dislocations,  and  they  do  pin  these  dislocations, 
than  the  average  free  length  (L)  of  the  dislocation  will  be  decreased  by 
irradiation.  Seeger 's  theory  for  the  dislocation  relaxation  peak  in 
d(T)  predicts  that  the  peak  helcdit  will  go  as  L^.  (See  equation  (17)>) 

If  this  theory  Is  correct,  then  irradiation  of  tungsten  at  300*K  should 
reduce  the  height  of  the  Bordonl  peak.  The  two  cases  (figures  46  and  5l)> 
which  do  show  a  reduction  in  the  Bordonl  peak,  height,  support  the 
dislocation  relaxation  theory.  The  fact  that  the  peak  height  was  not 
reduced  In  the  data  of  figure  ^0  is  probably  attributable  to  the 
appearance  of  the  post- Irradiation  structure.  If  the  hei^dits  at  the 
post- irradiation  peaks  are  increasing  with  flux  while  the  pre-lrradlatlon 
peak  height  is  decreasing,  then  the  situation  of  figure  ^0  could  dbtain. 

^  addition  it  should  be  noted  that  the  pre-lrradlatlon  Bordonl  peak 
height  was  higher  in  MH8  (figure  46)  than  it  was  in  MW9  (figure  ^0). 

This  would  indicate  that  VNQ  bad  a  higher  dislocation  density  than  lBi9 
before  irradiation. 


*The  t’jngaten  wire  supplied  by  Sylvanla  had  been  annealed,  but 
it  bad  then  been  wound  on  a  mandrel  suffering  some  plastic  strain. 
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The  structure  In  the  post- Irradiation  curves  of  6(T)  is  of  great 


interest.  Figure  47  shows  the  post-irradlatl(m  data  for  Mf8  taken  at 
the  fundamental  and  the  first  overtone.  There  are  four  small  peaks 
observed  at  the  fundamental  frequency.  There  are  also  four  peaks  dis¬ 
cernible  in  d(T)  for  the  first  overtone.  The  four  peaks  observed  at  the 
first  overtone  are  clearly  associated  with  the  four  peaks  seen  at  the 
fundamental.  The  shift  in  the  peak  tengperature  with  the  Increase  In 
frequency  again  suggests  that  the  peaks  arise  from  some  sort  of  relax¬ 
ation  process.  These  post- irradiation  peaks  could  be  a  resolution  of 
the  original  Bordoni  peak  as  a  result  of  dislocation  pinning  by  inter¬ 
stitials,  or  these  peaks  might  arise  in  some  way  from  radiation  induced 
defects  alone.  This  latter  mechanism  would  probably  involve  radiation 
induced  vacancies  left  throughout  the  lattice  at  300‘K.  The  only  proper¬ 
ty  of  the  post- irradiation  peaks  shown  in  figure  47  that  does  not  fit 
the  relaxation  theory  outlined  in  the  Introduction  is  the  large  height 
of  peak  III  at  the  first  overtone  frequency.  Ve  do  not  ox^ct  any 
in  peak  height  with  frequency  change  for  a  relaxation  peak.  Another 
property  of  peak  III  at  the  first  overtoil  that  was  different  from  the 
rest  of  the  post- irradiation  peaks  was  that  the  height  of  peak  III  was 
strain  anplltude  dependent.  Peak  III  at  the  first  overtone  is  shown  in 
Figure  48  for  several  valxaes  of  vibration  aaplitude  for  which  the  rest 
of  d(T)  was  unchanged.  (The  shift  in  pecUc  temperatures  shown  in  the  de¬ 
tailed  plot  of  figure  46  is  not  considered  to  be  a  function  of  amplitude. 
The  shifts  represent  a  chan^  in  the  systematic  error  in  the  measurement 
of  tenperature  mentioned  earlier  for  these  three  esqperlmental  runs. ) 

Hote  that  in  figure  49  no  change  in  peak  III  at  the  fundamental  is 
observed  with  a  change  in  amplitude. 
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The  data  discussed  above  was  takes  on  saniple  MW8  after  a  room 
tenperatwe  Irradiation  of  2  x  JO^  deutarons/cm^.  This  eiqperljnent  was 
repeated  on  eajuple  MW9  for  a  flux  of  8  x  10^^  deuterons/cm^.  The  post- 
irradiation  curves  6(T)  taken  at  the  f'jndamental  frequency  for  the  two 
sairple  MW8  and  MW9,  are  cooqpaxed  In  figtare  53 „  The  shapes  of  these 
C’xnms  are  q?.Ji+;e  similar,  especially  for  peaks  1.,  II  and  III.  A  similar 
comparison  is  shown  in  figure  5'+  for  the  first  overtone  frequency.  Here 
there  is  again  agreement  in  the  general  shape  of  the  curares,  but  peak  ITT 
for  MM9  is  8m  order  of  magnitude  smaLler  than  i^.  is  for  MW8, 

One  reason  for  the  lack  of  reprodupabilix.y  in  the  height  of 
peak  III  cQcild  >je  that,  the  peak,  height  is  extremely  frequency  dependent^ 
since  the  two  samples  did  differ  in  resonant,  frequency  by  about  2$, 
Another  possibility  is  that  the  large  peak  height  observed  for  MW8  was 
spurious,  introd>iced  in  some  way  by  the  measurement  apparatus.  However, 
no  mechanism  for  the  ep’irious  intro-iiiction  of  this  large  peak  has  been 
found  to  date.  Aithwjgh  a  sp’Ji-.lous  or-igin  remains  a  possibility, 
it  is  thoughit  that  peak  31.1  observ’ed  for  MW8  .Is  real.  From  the  shift  in 
post- Irradiation  peak  tengperavires  with  frequency  change  shown  in 
figure  47  we  may  make  estimates  of  H  and  A  for  these  post-irradiation 
peaks.  These  estimates  are  v-ry  rough;  very  little  data  is  available, 

8knd  some  of  the  post -irradiat  ion  peedts  are  poorly  defined.  The  estimated 
values  of  H  and  A  for  saiig>Ie  MH8  are  given  in  the  table  below. 


Peak 

I 

II 

III 

IV 


Activation  En-^rgy 
H^ev) 

.?1  ±  .02 

,19  1  .Oh 

,27  1  „0« 

.u?  -t 


Att.eii5)t  Frequency 
A( cps ) 


10 


,12,3  1  1.0 
.9.6  ±  1,5 


.10'' 

10^^- 3  1  1.5 


loll  1  2 


63 


To  aun  tv  thla  part  of  tha  dlacusalon^  it  can  'be  aald  tbat  a 
room  teaverature  dauteron  Irradiation  in  genexal  redneea  the  height  of 
the  Bordanl  peak  In  tungaten.  After  irradiation^  the  Internal  friction 
aa  a  function  of  tenperature  ethiblta  a  aeriea  of  narrow  peaka.  It  vaa 
auggeated  that  theae  narrow  peaka  an  poaalbly  a  reaolutlon  of  the 
pre-lrradlatlon  Bordonl  peak  aa  a  reault  of  dlaloeation  pinning  ‘by 
radiation  induced  Interatltlala.  It  vaa  pointed  out  that  if  thia  la 
true,  then  the  post- irradiation  peaka  ahould  alao  he  deaerihed  hy  the 
dialoeatlan-relaxatlon  theory.  The  unuaual  height  of  peak  III  contra* 
dicta  thia  theoryj  hut  thia  piece  of  experimental  evidence  haa  not  been 
confirmed.  It  vaa  alao  pointed  out  that  the  peaka  al^^t  arlae  from 
the  preaence  of  unannealed,  radiation  Induced  vacanciea  alone. 

3.  The  Effect  of  Room  Teaperature  Irradiation  on  the  Background 
(Strain  Independent)  Internal  Vrlctlon 

Flgurea  $5  and  $6  ahow  5  and  dfo/f q  maaaured  aa  a  function  of 
incident  flux  at  room  teivexature.  The  Internal  friction  decreaaea  and 
Young 'a  modulua  Increaaea  with  incident  flux*  Thia  effect  aaturatea  at 
about  1  X  10^  deuterona/cn?.  Theae  data  are  alailar  to  6(^)  and  df0(#)/fo 
maaaured  at  room  teaperature  'by  other  vorkera  for  copper^3»24^  mithnigh 
the  total  change  at  aaturation  for  copper  la  very  much  greater.  Thiepanii 
and  Bolmea^^  oibaerved,  at  aaturation,  on  Increaae  in  dfo/fg  of  1^2$,  . 
and  a  deoreaae  in  6  by  a  factor  of  7*  It  ahould  he  noted  that  the 
internal  friction  in  copper  la  of  the  order  of  t«i  tinea  greater  than 
that  of  tungaten.  It  appeara  th«x  that  ee  are  bbeervlng,  la  tungaten. 


23^.  crt. ,  S*  0*  Tbonpaon  et  al. 
2^^.  cit.,  D.  H.  Siblett  et  al. 
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tbA  pinning  of  di^Ioeatlona  by  radiation  Induced  Intentltlaln.  The 
fact  that  the  total  effect  In  tungaten  la  ao  nuch  aaaller  than  it  la  la 
a  "aoft"  netal  Uhe  copper  prohahly  Indicatea  that  the  dialoeatlooa  in 
tolgaten  are  already  fairly  veil  pinned  before  Irradiation.  It  la 
poaalble  that  ve  are  obaerving  the  reaooval  of  moat  of  the  dlalocation 
-by  Irradiation^  and  that  the  internal  friction  that  la  left 
arlaea  from  acme  other  aechaniam. 

We  have  bypothealzed  that  room  tenperature  Irradiation  leavea 
only  vacanclea  in  the  Inttice  for  tungaten;  ve  then  have  an  opportunity 
to  teat  Dlenea '  theory^  for  the  change  in  the  elaatlc  propertlea  of  a 
metal  vlth  vacancy  denalty.  Dlenea  predlcta  that  vacanclea  viU  produce 
a  "bulk"  effect,  that  la,  one  atomic  percent  of  vacanclea  ahould  produce 
a  1^  decreaae  In  Young'a  modulua.  The  data  of  figure  ^  abova  that 
heavy  room  tenperature  irradiation  producea  no  change  in  6  (after  the 
initial  decreaae),  and  that  there  la  a  linear  decreaae  In  dfoAg  vlth 
flux  (after  the  initial  Increaae).  The  alupe  of  thla  curve  la  tema 
of  dl/I;  the  fractional  change  In  Young 'a  modulua,  ia 
,OZ2i>  /lO^  deuterona/cm^.  We  nay  calculate  the  denalty  of  vacanclea 
produced  by  a  flux  of  10^  deuterona/cm^  in  tungaten  for  incident  energy 
13.7  mev  from  equation  (U)  and  x  ■  o^,  vhere  x  la  the  atomic  fraction 
of  vacanclea.  We  get  that  x  «  .03^  for  10^  deuterona/em^.  Theae 
reaulta  give  .4^  decreaae  In  Young 'a  modulua  per  atomic  percent  of 
vacanclea  compared  vlth  Dlenea*  prediction  of  1.0^.  Thla  agreement  la 
actually  good,  cooalderlng  the  approximate  nature  of  Dleaea'  treatment 
of  the  problem. 


27 

op.  clt. .  G.  J.  Dlenea 
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4.  The  Effect  of  Irradiation  at  79*^  on  Internal  Friction 

Tungsten  sao^le  M!ff6  vas  ll^tly  Irradiated  at  79**^.  MsasuresMttt 
of  6(T)^  as  this  saiople  vamed  to  room  temperature,  indicated  seme 
structure  In  6(T)  superlnposed  on  the  pre- irradiation  Bordo^  peak. 

(See  figure  58.)  A  post>anneal  run  shoved  6(T)  Just  helov  the  pre* 
Irradiation  curve  with  no  Indication  of  the  structure  ohserved  dxtring 
the  anneal.  It  vas  thou^t  that  this  internal  friction  structure  al|^t 
arise  from  the  migration  of  radiation  induced  interstitials.  The  model 
could  he  as  foUovs.  Interstitials,  or  clusters  of  interstitials  ml^t 
tend  to  reorient  themselves  Into  a  lover  energy  configuration  under  an 
applied  stress.  In  a  body  centered  coiblc  metcQ.,  even  single  inter¬ 
stitials  tend  to  reorient  themselves  under  an  applied  stress.  If  an 
interstitial  Is  located  in  the  center  of  a  (lOO)  cube  edge,  and  a 
compressive  stress  is  applied  in  the  (lOO)  direction,  then  the  inter¬ 
stitial  vlU  prefer  the  (010)  or  (OOl)  cube  edge  position.  The 
reorlentatira  process  Is  again  pictured  as  a  relaxation  process, 
characterized  by  a  frequency  which  is  dependent  on  the  tenperature  of 
the  lattice. 

Vhen  the  Irradiation  of  1W6  vas  performed,  ve  were  looking  for 
a  change  In  6  with  Incident  flux  at  79*K.  Ho  change  vas  observed,  but 
In  the  process  of  measuring  6  after  each  of  the  ten  esqpoeures,  the  seapla 
vas  subjected  to  an  anneal  to  about  150*K.  We  decided  to  give  sasple 
MH9  roughly  the  same  Irradiation  doee  as  vas  given  to  NW6  vlthout  the 
Intermediate  anneala.  Sanple  1W9  received  only  one  anneal  to  15P*K  as 
the  saaple  chaisber  vas  pumped  out  after  the  irradiation.  It  vas  eqpeeted 
that  the  structure  seen  in  lfif6  would  be  greatly  accentuated  in  IW9* 

This  vas  in  fact  what  we  saw  in  the  data  of  figure  59*  The  post-anneal 
run  on  exhibited  no  structure;  figure  60  shows  that  the  post-anneal 
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It  is  oattxral  to  ascribe  this  structure  to  the  stress -Induced 
reorientation  of  defects  for  resistivity  neas'rrements  shov  appreclabls 
annealing  between  T7*'K  and  roan  teoperattize ,  The  ertreaie  sharpness  of 
these  peaks 3  however ^  casts  considerable  doubt  on  this  interpretation. 
With  nominal  activation  energies 3  the  narrower  peaks  req;aire  em  atteapt 
freqjjency  of  A  <v  10  sec  This  is  prohibitiveXy  higho  While 
elm-llarly  sharp  peaks  are  reported  in  the  llterature^^^^*^^  for  face 
centered  cubic  me  tabs 3  the  present  results  on  Tungsten  have  not  been 
leprodu'iblec  It  therefore  seems  most  probabXv  that  the  peaks  are  a 
sp'irio'is  result  caused  by  iineaq>lained  resonances  in  the  apparatus  or  by 
radiation  induced  chaages  in  the  sainple-mo'jntlng  interface. 


12 

op.  clt. ,  H.  1.  Caswell. 

K,.  Blrnba'im  and  M.  levy,  Acta  Met  .  4,  64  (1956). 
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Ao  '  .  FllmeT,  G,  -'o  Hutton  and  T.  S.  Hutchinson,  J.  Appl. 
Pbys.,  ^3  146  {19.'76j. 
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AFPEJSDUr  A 


ir  ra  t-ioii  of  a  CaDtlleverftd  Roi 

The  homq.nm&.&.  vaw  ^quatlor-  for  a  uolfcnn  rod  vibrating  in 
flexure  la  glv-fti  bw 


where  x  is  the  dis*a.'.>  e  aioog  the  rci,  y  Se  the  angplitude  of  flaxure^ 
g  la  a  paraanftet  proporT  *ofla.l  to  the  fTictioxsal  force,,  and 


(2) 


In  equation  (2  1  p  -  ’he  of  ttie  red,  Y  L?  foing’s  modulus  and 

Kf  the  radiiis  of  j^rrs’  icri  for  the  cross  ge:tlo»:>aI  area,  has  the  value 
a/2  for  a  cireij.iar  rof  of  ladiia  a,  Eqjiatlon  (J  j  i?  separable  using 


the  relationab-lp 


^  t)  =  X  'T'  •  (3) 

Combining  eq?iatlons  (3,i  a^Mi  (l,i  we  get  that, 

'  +  -i-  ^  ±  iZ  -  o 

x  iK*  tr'^T  T  dt  ■ 


Sett,lng  the  terxii  depeoding  on.i.y  on  x  eqim.!  a  constant 


we  get  tlmt 


(4) 
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ftBd 


(5) 


Korse^^  solves  eq]uatlon  (4)  for  the  ease  of  a  cantilevered  rodyof  length  I. 
He  gets  allowed  solutions  subject  to  the  foUowlxig  eigenvalue  egoatlon: 


/  -t  t-O-aA. zz  O. 

The  eigenvalues  are 

- 1.8751, 

■  4.6941,  etc. 


(6) 


(7) 


Turning  to  e^tion  (5),  we  look  for  tiae  dependent  solntloaB 
of  the  form  e®^,  where  a  »  -  X; 


oc^  4-  j  irV  =  O. 

The  real  part  of  equation  (8)  gives 

-  60^  +  -  X  ^  y  ^  =. 

and  the  insglnaxy  part  gives 

A  =  ?  Vl  . 


(8) 


(9) 


(10) 


83f.  m.  Morse,  Vibration  and  Sound.  NcOraw-Hlll  Boek  Cosqpangr, 
Inc.,  Sew  York,  1948,  p,  15&, 
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rooiblMag  eqpftf  1*5}  aod  :  ff".-*  t.hat 

^  ;  (n) 

where  »  ^hb/^Tr  ;is  the  v-t^.ratTori  rregueocy  aaBOciated  with  the 
a.Llowed  mode.  For  <fur  evsteta  a>^  10^  and  X^^  l.  We  therefore  ap- 

praxjjnat.e  eq-va^tor.  (:.l)  *  v 


(12) 


romtlulJMS  eg'^ticT'ifi  ’^2);  *  7,;  ‘.\2}  we  the  allowed  freqaanciee  to 


■  \'^P  }  i 

4  =  4.=:fc7  f 


(u) 


1,  «  n  5-vei,  J 

The  iosariTb.'D.i-  derreciect  •  ^}  is  .lefjLDed  ae  the  logikrithn  of  the 
ratio  of  the  anplltvde.  of  the  'V'  le  to  the  anp-Iitiide  of  the  (j  +  l)^ 
cycle  ^  TheTefore 


6 


Jl^ 


x  '  T 


e 


rA( 


j-tOTL 


A 


W 


W«  now  'onalder  the  *a.ee  of  a  eioMeoldal-ly  driven  rodo 


Fq  saticQ  (.1)  te  now  writ.tjs.r..  ae 
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i!a- 

<>%* 


ill 


(15) 


nhere  C(x)  is  proportional  to  tji,e  driving  force.  We  aov  look  for  a 
solution  of  tbe.  form 


(X6) 


Cokblnlng  e^tions  (15)  ojCDi  (.1^)  ve  get  that 


/x 


dL%*~  ^  =  C(») 


(17) 


•a  j 

Itorse"^'  sbOHS  that  tbe  ♦‘Igenf-jurt  lew.  Bolutions  Xq  of  the  eqaatlon 

^  X  ,,«» 

(«) 

are  orthogonsl  fiincTions,  W<=^  insj  tb«refore  eapsncl  X(x)  and  C(x)  in  a 
series  of  ctaracteristlc 


X(*)  =  2 

(19) 

C  W  =  H  c^.X^(x)^ 

(20) 

sfcere 

jL 

* 

V  "=  /  C  W  X(x)  . 

More#  , 
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Codblning  equations  (1T)«  (13)^,  (19)  and  (20)  vs  get  that 

s  Kk/*!  ^  s  A^X^-.S 

or 

>C^  -  u>v  -h  iu>^  * 

Tbeareforej  equatiooe  (12)^  (26}  and  (2l)  give 


lie 


(22) 


For  (D  near  oDa*  <^11  vlll  be  in^ortant  and  tbe  frequeney  dependeBoe 
of  y  can  be  vrltten 


Ve  define  Q  as 


_ K _ 

<i)  *')'*■]  ^^** 


(23) 


vtere  and  are  such  that  |  y(a^  ^  |  -(l/#jp)|  y(ot^)j  .  Let 

te»a)2<*<E^*(i^>  o^>  for  fico  sioall.  congpaxed  vlth  (b^ 

eqoatlan  (23)  glms 


J 


Cortbinlng  equations  (lO)^  (.14)  and  (24)  ve  get  that 


6 


(25) 


For  a  system  vith  small  damping  the  resonance  can  be  described  by  nslag 
the  variable  >  a>  *  and  equation  (23)  reduces  to 


A _ 


(26) 


vbere  A  depends  on  the  amplitude  of  the  driving  fotree  and  the  resooaaat 
flrequencyo 


AITESDIX  B 


The  Re'iATAtioo  Proceee 

FoUcfiriag  Zftxuer^^  that  the  hehavior  of  a  solid  tboim  la 

figure  4  ie  deacrib'ed  hy  the  fcllowixw  eqijatioa  of  motions 

Tg  is  the  relaxation  tjUne  constant  ot  the  stress  for  eoostant 
strain^,  Tq  is  the  relaxation  time  constant  of  the  strain  for  eoostant 
stress,  and  is  the  caaplete.ly  relaxed  elastic  modulus »  Hs  anpljr  a 
stress  0^  e^  and  expect  the  solytion  for  c  to  he  of  the  fom  €0  s^®^. 
Equation  (ll)  then  gives 

<Z{l  i-  =  Mr  fco(  '  +  ^<r). 

Zha  complex  modulus  »  o/e  is  4:28t 

p)  —  M  I  -h  it*i  tTf  ^  ^  I  -t  ^  Ty  "h  LujCtir 

"'i+iwt;  i+w’-Ci’- 

We  know  from  equation  (l4)  of  the  Introduction  that  tba  ‘*‘*y"C 
is  given  hy 


0  ,  imaginary  part  of  M 
real,  part  of  IT 


10 


cy„  cito  C.  Zener, 


184 


1*5 


Therefore  ve  nejr  vrlte  that 

—  I- St)  ,  (*) 

*“  /  ^  Uj’^Zr^  24 

Zener  defines  a  quantity  M^j  which  is  the  unrelaxed  modulus,  tha:b  is, 
^o/^  for  a  time  so  short  that  no  relaxation  can  take  place.  It  can  he 
seen  by  integrating  equation  (l)  over  a  time  fit  and  letting  fit  approach 
zero  We  nay  define  average  values  of  II  and  r  such 

that 


M  =  (M^,  MBy'*-  j 

and 


t 


0 


Equation  (z)  may  then  he  written 


<(> 


Mu  -Mr  uj tr 

M  I  + 


AFmOiJX  c 


Law  Tenperature  Vacuum  Tif^t  Seal  for  Almiitiai  Foil  to  Copper 

The  foUovliig  procedure  was  used  to  cement  aluminum  folia  over 
the  team  entrance  and  exit  windows  In  the  copper  sample  can.  Tbeae 
vacuum  tl£^t  seals  withstood  pressure  cycling  between  vacuum  and  one 
atmosphere^  and  tenperature  cycling  between  77  and  300*K.  The  first 
foils  used  were  pure  aluminum.  These  could  stand  tenperature  cycling 
Indefinitely^  but  they  would  leak  after  3  ^  pressure  cycles,  later 

a  comnerclal  Jt  iiiminmn  alloy  Duraluminum  was  used  that  withstood  tesper- 
ature  and  pressure  cycling  indefinitely.  The  cement  used  was  Araldlte 
502  epoxy  resin  with  hardener  Araldlte  HII951  supplied  by  Ciba  Inc. 

The  cementing  technlq;ue  vent  as  follows. 

(1)  The  window  foils  were  cut  to  size  and  washed  in 
acetone  and  then  alcohol.  The  copper  was  buffed  with 
steel  wool  and  then  washed  with  alcohol. 

(2)  About  one  gram  of  epoxy  was  wel^ied  out  to  1  1^ 
accuracy,  (let  this  wel^t  be  called  W. )  An  amount 
of  pure,  finely  milled  talc,  equal  In  welc^t  to  about 
.3  W,  was  added  to  the  resin. 

(3)  The  resin  was  wanned  on  a  hot  plate  to  about  ?0*C 
and  the  talc  mixed  with  the  resin.  The  mixture  was  then 
allowed  to  cool  to  room  tesperature. 

(Jf)  The  hardener  was  then  added  to  the  resln-talc 
mixture  In  the  xange  of  weights  .06  W  to  .10  W. 

The  hardener  was  stirred  into  the  resin  carefully  to 
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iM  ffetsk  1/f  htfor* 

(5)  Qw  «ia^r  ffplIK  kt  19m  ^  0m0 

.01  lakhM  khlok,  mUDh  f tU  OM  teU  io  Umo  fim 

kWMMM.  fht  fall  «M  |wl4  i»  flMt  niKk 

I— irlifcj  slMtio  iaoolOiWiif  IWfOf  («»  IngHi  of  fift 
bwarlag  m  kte  Ml  «|«  pOo  wM|  M  ploftt*  ki«t  Ml 
ti^ook;  inliM  ir^  iM«^  HMiM'lMMtt 

It  lMm. 

Ml  IlM  aloilgl,  |o.nitfo  Hw  ^  oAMifO. 


inUlk* 


MM7  rMlB  vltli  •  tala  f^ir  OMlA  vitkotMl  MM 

100*0.  AU  MlMoi  ijMI—  mftmrnwm  Mf 


Mok  Mlti  at  MU  M. 


APPENDIX  D 


Effect  of  an  RLC  Filter  on  the  Transient  Signal 

We  know  that  when  ^  aasgple  vibration  starta  ita  decay  the 
electrical  aignal  from  the  tranaducer  will  be  affected  by  the  NIC 
filter  which  la  timed  to  peuss  the  reaonant  frequency.  The  filter  la 
expected  to  reject  the  higher  frequency  cooponenta  of  the  input  aignal 
Introduced  by  the  dlacontinuity  at  tbe  atart  of  the  tranalent.  One 
aleo  might  e:)qpect  that  this  filter  effect  will  be  negUglblB  after  a 
time  \diere  Is  the  time  conatant  of  the  filter  In  a  ftee  deoay. 
Thia  In  in  fact  what  la  indicated  by  the  following  calculation. 

Let  ua  appraximate  the  real  filter  by  aaaumlng  that  the 
inductance  haa  zero  reaj stance.  Ihe  fU.t«*r  circuit  ahovn  la  then 
described  by 


o(  '^Ct)  -h  ujl  vCt)  ^ 

where  =  I/r^  *  lA^.9  ~  nnd  v  and  are  the  output  and 

input  voltage  slgnale  respectively. 


input  aignal  in 


'v'.i.t) 


6*  ^  i 


(8) 
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and  the  bowdary  eondltiona  ara  that  at  t  -  0: 


aJ9 

'^cCc>)=0,  v-Lo)  =  V7(o), 

•  ^  ^  (3) 

'h  'V'(o)  =  VjCo)  , 

I«t  7(p)  be  the  Tj^laet  tmefoan  ef  T(t).  nwB  the  tmtfera^ 
of  equation  (l)  li 


p'*-V(jo)  -  jovto)  -  'ir(o)*  oC  js  V(p)  -iX^V(o) 

+  H’’V(p)=o^pV^(p)-o^V2(’o)  (*) 


ko 

Xha  tranafon  of  the  lagpnt  signal  Is 


M<f)= 


60 1> 


(p+ot'iS 

CoAlnlag  equations  (3),  (k)  and  (3}  ve  get  the  expression  for  the 
output  TOltage  transform: 


(5) 


(6) 


Doetsch,  Bshejlen  sur  Lsplace-TiraasfoCTation  uad 
am  Qehrauch.  Sprlngw-Yerlsg,  Srrlln,  0947,  —  .  ■ 
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A  transform  of  the  form 


X|  P  Ax  P  ***** 

(p+o.iHp+Ai.') . (p+O 


has  the  Inverse  transform 


^3 


(7) 


X.  (-A, )  +  -h  * » « » 


(n-l)  terms  obtained 
by  cyclic  ■  (8) 

permutation  of 

aj^  • . .  o  ajj. 


Equations  (T)  aai  (8)  were  used  to  find  v(t)  ifrom  eqjaation  (6). 
Using  the  fact  that  for  our  prob.Iem  ^  10^^  a  a#  1  and 
a^<\/  6  X  1(P  sec"*”,  we  get  sia^ly  that 


^  (t)  =  (s  -  6  )>dcv^,^,'6, 


(9) 


'Pha  envelope  of  this  result  (equation  (9))  is  convazed  with  the  bbmmrvmd 

waveform  la  the  slretib  below 


observed 

predicted 


approximation  made  in  neglecting  the  resistance  of  the  inductor.  This 


resflLt  does  show,  however ^  that  the  effect  of  the  filter  is  negligible 

after  t  *  ^/Tfo 


cl 


a 


G.  Doetsch, 


APPEBDni 


Correetloin  for  the  Atergy-  Loee  in  the  Semple 

The  quantity  ve  neastire  in  the  energy  dqpendenee  etudy  is 
£H/Rq,  the  fractional  charge  in  the  electrical  resistance  of  the  ssnple 
vire.  We  aseume  that  the  resistivity  of  the  sanple  oaterial  vlU  change 
vith  hOBOMrdiDent  according  to 


^  =  /O  ^  I  ,  (1) 

where  a  depends  on  the  incident  flux  and  can  he  deteroined  for  the 
pmposes  of  thia  correction  from  the  uncorrected  energy  dependence  data. 
The  quantity  E,  the  energy  of  the  bonharding  particle,  will  vary  vith 
position  in  the  senple  vire  because  of  ionisation  losses.  The 
conductance  of  a  uniform  vire  is 

1  I  ( 

•r  =  T  ' 

vhere  dA  is  an  element  of  the  vire 's  cross  section.  Then 


Using  equation  (l),  equation  (z)  nay  be  vritten 


j  r  S d~A 

1^0  ~  J  e  /  J  £i-4c'  , 

vhere  a'  «  a/p^  . 
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I3t 

We  dsf  las  m  the  energy  that  vould  produce  this  mom 
fireetloael  resistance  change  If  the  energy  of  the  Incident  particle  sns 
constant  In  passing  throocdi  the  sanvle.  Kram  e^tlon  (3)»  for  a 
coatttt  nncr  «  e.t  tb*t 

A  R  _ 

~^o  ~ 

so  that 


For  the  ease  at  a  sample  wire  of  clreulsr  eroaio  soetioa 
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The  denonlnator  D  of  eq^tiom  (4)  if  then 

D  = 

J  . 

k 


zz  j  j  _ _ 

-i .{ 


letting  (  ■  d£/dy  end  E  *  -  E.  f  a’  ve  aia^  write  equetlon  (6)  ea 


1  i 

CL  k. 


ggjf* 


-a.  -K 


The  nuneretoir  of  equation  (^)  is 


CL  K 


N 


=//-^ 


(«) 


-OU-K  -c 
Carzylng  out  these  integrals  we  get  finally  that 


(T) 


(8) 


I  -  ^  A, 
— £L_i 


/  +A 


where 


(9) 


I 

¥ 


(10) 


and 


w 


Zh«  ftuuKtity  p  Ic  rougJUy  i;ta.e  oKcionm  fTActional  energy  loes  of  the 
Incident  pertiele  in  peselog  tbro«agb  tbe  sample  vire.  It  has  «  Talne  of 
•l)ont  »1^  for  our  proljlem^  so  titiat  the  tvo  texms  given  in  tiM  expnaslen 
of  eq^mtlon  (l)  era  sufficient  for  the  purposes  of  this  eorreetloBo 
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